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Abstract 
Mass and lifetime measurements lead to the discovery and understanding of basic proper-
ties of matter. The isotopic nature of the chemical elements, nuclear binding, and the loca-
tion and strength of nuclear shells are the most outstanding examples leading to the de-
velopment of the first nuclear models. More recent are the discoveries of new structures of 
nuclides far from the valley of stability. A new generation of direct mass measurements 
which allows the exploration of extended areas of the nuclear mass surface with high ac-
curacy has been opened up with the combination of the Experimental Storage Ring ESR 
and the FRragment Separator FRS at GSI Darmstadt. In-flight separated nuclei are stored 
in the ring. Their masses are directly determined from the revolution frequency. Depend-
ent on the half-life two complementary methods are applied. Schottky Mass Spectrometry 
SMS relies on the measurement of the revolution frequency of electron cooled stored ions. 
The cooling time determines the lower half-life limit to the order of seconds. For Isochro-
nous Mass Spectrometry IMS the ring is operated in an isochronous ion-optical mode. The 
revolution frequency of the individual ions coasting in the ring is measured using a time-
of- flight method. Nuclides with lifetimes down to microseconds become accessible. With 
SMS masses of several hundreds nuclides have been measured simultaneously with an ac-
curacy in the 2·10-7-range. This high accuracy and the ability to study large areas of the 
mass surface are ideal tools to discover new nuclear structure properties and to guide im-
provements for theoretical mass models.  
In addition, nuclear half-lives of stored bare and highly-charged ions have been measured. 
This new experimental development is a significant progress since nuclear decay charac-
teristics are mostly known for neutral atoms. For bare and highly-charged ions new nu-
clear decay modes become possible, such as bound-state beta decay. Dramatic changes in 
the nuclear lifetime have been observed in highly-charged ions compared to neutral atoms 
due to blocking of nuclear decay channels caused by the modified atomic interaction. High 
ionisation degrees prevail in hot stellar matter and thus these experiments have great rele-
vance for the understanding of the synthesis of elements in the universe and astrophysical 
scenarios in general. 
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1 Introduction 
Mass spectrometry has made important contributions to the understanding of basic prop-
erties of matter and is used in many fields of science and application such as physics, 
chemistry, geology, biology, and medicine. In the early experiments in mass spectroscopy 
J. J. Thomson discovered the isotopic nature of the chemical elements.  He measured the 
deflection of accelerated ionised atoms in electromagnetic fields [Thomson 1913]. From the 
splitting of beams from certain chemical elements he concluded that these are composed 
of isotopes with different mass numbers (A) but the same number of protons (Z). 
Aston achieved the first mass spectroscopic separation and developed new instruments to 
improve the resolving power. He confirmed Thomson's hypothesis and found the "whole 
number rule": All atomic weights of the isotopes are whole numbers with small deviations 
[Aston 1927]. He found that each chemical element has a characteristic isotopic abundance 
distribution. His precise measurements of the nuclear masses led to the packing fraction 
curve [Aston 1927, 1933], the first systematics of nuclear binding (see figure 1). From his 
data he already deduced the energy released in nuclear reactions as a "Transmutation and 
sub-atomic energy" [Aston1933]. Aston's experimental results led to the development of 
the first successful theoretical descriptions of the nucleus, the liquid drop model [Gamow 
1930, Weizsäcker 1935, Bethe et al. 1936]. 
 The development of high precision mass spectrometers by Nier, Mattauch and Herzog 
[Mattauch et al.1965], and Ewald [Ewald et al. 1953] led to the first mass tables of stable 
isotopes [Everling et al. 1960]. Nowadays Radio Frequency (RF) and time-of-flight (TOF) 
spectrometers and storage devices provide the highest accuracy. A completely novel and 
unique method is the direct measurement of nuclear masses in a heavy-ion storage ring, 
which is the central topic of this review. 
  
Figure 1: The packing fraction versus nuclear mass number. Dots: experimental data, solid line: v. 
Weizsäcker formula [Weizsäcker 1935]. 
Today mass measurements concentrate on short-lived nuclides, with the aim to proceed to 
the limits of nuclear stability. These nuclides, usually termed as "exotic" or "rare" isotopes, 
are characterised by extreme proton-to-neutron ratios. They reveal new properties differ-
ent from stable species and are of immense importance for the understanding of the struc-
ture of atomic nuclei. Furthermore, exotic nuclei determine the cosmic element synthesis 
in stars and thus play a key role in nuclear astrophysics. Mass measurements are a central 
research topic of rare isotope facilities [EMIS 1996]. 
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The mass of the nucleus Mnucl is the sum of the masses of all protons Z mp and neutrons 
N mn in the nucleus, reduced by the mass defect due to the total binding energy Btot/c2: 
     totnpnucl 2c
BNmZmM −+= . (1) 
All masses are given in atomic mass units u and c is the velocity of light in vacuum. The 
mass of a neutral atom is increased by the rest mass of the Z electrons reduced by their 
binding energy. The mass of a nucleus reflects the internal structure of the nucleus as the 
sum of all interactions, the binding energies. Therefore, in contrast to spectroscopy, the in-
formation from the mass of a single nucleus is of limited merit compared to measurements 
of a complete area of the nuclear mass surface. The stability of a nucleus is determined by 
its neighbours, e. g., if it is energetically possible to undergo decay. The structure informa-
tion most clearly manifests by the different separation energies, such as one- or two- neu-
tron or two-proton separation energies.   
Figure 2 shows an early investigation by inspection of averaged one-neutron binding en-
ergies without pairing [Bleuler et al. 1967]: 
( ) ( )
2
11 ,ZNBE,ZN-BE BE(n) +−=  (2) 
 
 
Figure 2: Three-dimensional plot of one-neutron separation energies.  Horizontal: Z, vertical: neu-
tron separation energy B E(n), perpendicular to image plane: N-Z. The lines connect nuclei with 
same Z, and same N-Z [Bleuler et al. 1967]. The pairing effects are washed out in such a presenta-
tion. 
 
It nicely shows the neutron shell closures N = 50, 82, 126 as steps exactly parallel to the 
lines N = constant. A similar but less pronounced picture can be produced for the proton 
shells.  Though the shell structure of the nucleus has been discovered more than fifty years 
ago [Haxel et al. 1949, Goeppert Mayer 1950], their nature is not completely understood. 
New shells are expected in the far trans-uranium region of super-heavy nuclei and in re-
gions far-off stability [Ozawa et al. 2000]. 
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The region of known masses has been extended significantly in recent experiments. In the 
region of light nuclei the neutron drip-line has been reached and even crossed. In experi-
ments with the FRagment Separator FRS and the Experimental Storage Ring ESR at GSI, 
the region of known masses has been extended by about 10% as shown in figure 3. 
 
Figure 3: Chart of nuclides with the masses measured at FRS-ESR. The grey areas indicate the 
1100 masses measured with the FRS-ESR facility, 350 of these are new [Litvinov et al. 2007].  The 
borderlines of the presently known nuclear ground-state masses are marked. The proton and neu-
tron drip lines are predictions. Dashed: FRDM [Möller et al. 1995], dotted: HFB(SKP) [Dobac-
zewski et al. 1984]). 
 
For 350 nuclides the ground-state mass has been determined for the first time. Furthermore, the 
accuracy could be improved for about 300 masses of the re-measured set [Radon et al. 1997, 2000] 
[Litvinov et al. 2005, Litvinov 2007]. In the trans-uranium region significant progress has been 
made for the knowledge of masses by the investigation of super-heavy elements [Hof-
mann et al. 2000, Oganessian 2007]. The super-heavy elements have been studied via al-
pha-decay spectroscopy (Q-value measurements). Many problems are still not solved yet 
such as the evolution of shell strength in the neutron rich nuclei far-off stability, especially 
along the r-process path, the location of the neutron dripline, and the quest for the exis-
tence of a new proton shell in the region of superheavy nuclei. 
Some of these questions have been addressed in previous review articles: [Mittig et al. 
1997] emphasises nuclear reaction techniques, [Bollen 2001] and [Blaum 2006] include a 
detailed discussion on traps, [Lunney et al. 2003] presents a profound discussion of theo-
retical models, [Wapstra 2005] gives a brief overview over current sources for mass 
evaluations and related procedures, and [Bosch 2004] is a comprehensive lecture on the 
first experiments with the FRS-ESR facility.  
This contribution will focus on the novel experimental developments and recent results 
with exotic nuclei separated in-flight with the FRS and stored in the ESR. The combination 
of the in-flight separator FRS and the storage-cooler ring ESR is unique and has success-
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fully opened new possibilities and fields for nuclear structure and astrophysics. Its 
strength is the access to short-lived nuclides, its uniqueness is the capability to investigate 
a large number of atomic nuclei in different ionic charge states which allows measuring 
extended areas of the mass surface in one experiment, entirely independent of the chemi-
cal and physical properties of the involved nuclides. Two methods are currently used:  
Schottky Mass Spectrometry (SMS) and Isochronous Mass Spectrometry (IMS). 
The origin of this experimental work is an experimental proposal of the present authors 
approved just 20 years ago [FGM 1987]. 
2 Production and Separation of Exotic Nuclei 
Exotic nuclei can be produced in various reactions over a wide energy range. At low ener-
gies near the Coulomb barrier central collisions of heavy ions lead to fusion. Heavy-ion fu-
sion products are in general neutron deficient because of the increase of neutron excess for 
the heavier nuclei. At high energies, above the Fermi domain, mainly the overlapping 
zone of the colliding nucleons participates in the nuclear interaction. The heavy fragments 
outside this hot zone are a rich source of exotic nuclei. Exotic beams over the entire peri-
odic table up to uranium are produced by nuclear fragmentation of relativistic heavy ions. 
The proton-induced fragmentation of a heavy target, known also as spallation or target 
fragmentation, is the same physical process in reverse kinematics. Charge-exchange reac-
tions contribute to the creation of nuclei with larger proton or neutron number than the 
projectile beam [Kelic et al. 2004]. Quasi-elastic collisions and excitation via the ∆-
resonance state are the dominant processes in this reaction type at relativistic energies. 
Nuclear fission, the disintegration of heavy nuclei near uranium, mainly into two large 
fragments, is a rich source for neutron rich medium mass fragments. For secondary nu-
clear beam production, fission is induced by neutrons, energetic protons, or heavy ions. 
Fission of relativistic uranium projectiles was found to play an important role in the pro-
duction of exotic nuclei [Bernas et al. 1994]. In a pioneer experiment, using 750 MeV/u 
uranium projectiles with only a low intensity of 107 ions/s, more than 120 new neutron-
rich fission fragments have been identified at the projectile fragment separator FRS [Geis-
sel et al. 1992]. Models that calculate the production cross sections of exotic residue nuclei 
deal, in the first step, with the production of an intermediate nucleus and the induced nu-
clear excitation. In the second step, the de-excitation process is treated by an appropriate 
evaporation code. The number of isotopes formed and their abundances are determined 
by the number of reaction channels available to form the intermediate systems and by the 
exit channels open in the de-excitation process. 
A comparison of experimental results for a series of reactions over the whole periodic ta-
ble shows good agreement with different model predictions realised in the computer 
codes, notably the ABRABLA [Gaimard et al. 1991], the EPAX systematics [Sümmerer et al. 
2000], and the cascade calculation ISAPACE [Fauerbach 1992]. Representative fragmenta-
tion results for tin isotopes created by fragmentation of xenon projectiles and in-flight fis-
sion of relativistic 238U ions are shown in figure 4 in comparison with model predictions 
[Sümmerer et al. 2000]. The relevance of fission is clearly demonstrated for the most neu-
tron-rich isotopes. In-flight fission has become, after this very successful experience at the 
FRS, an inherent part of most planned next generation facilities worldwide. 
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Besides the production cross sections the kinematical properties of the reaction products, 
such as average energy, energy spread, and angular distribution, determine the ion-optical 
properties of a secondary beam. Secondary reaction products emitted in a forward direc-
tion with high phase space densities are well suited to be separated in-flight by means of 
ion-optical separators. These include evaporation residues from complete fusion, projec-
tile-like fragments, and fission fragments of relativistic uranium ions. The reaction kine-
matics is superimposed by atomic interactions with the target, which leads to an increase 
of the phase space and limits the effective target thickness. Secondary nuclear beams with 
energies above the Coulomb barrier ranging up to the relativistic region are mainly pro-
duced by projectile fragmentation or by fission in-flight. 
 
 
Figure 4: Measured production cross sections for Sn isotopes created by fragmentation of 124Xe 
(open circles), 129Xe (full circles) and in-flight fission of relativistic 238U ions (triangles). The meas-
ured projectile fragmentation cross sections can be well reproduced by the EPAX [Sümmerer et al. 
2000] and ABRABLA descriptions [Gaimard et al. 1991]. The fusion cross sections (stars) are based 
on experimental and empirical scaling by means of the HIVAP code [Reisdorf 1994]. The proton 
drip-line  [Möller et al. 1995] and the region of the predicted r-process path are indicated. Neutron 
densities of 1020 - 1026 cm-3 and a temperature T9=1.35 K have been assumed for r-process isotopes 
[Geissel et al. 2006]. 
 
In the fragmentation process, the velocity of the spectator part of the projectile essentially 
preserves the projectile velocity and is independent of the nuclear reaction process. The 
momentum distribution of the pre-fragments from the abrasion process is determined by 
the Fermi momenta of the abraded nucleons and described in terms of the independent 
particle model of Goldhaber [Goldhaber 1974]. In addition, the momentum spread of the 
final fragments is determined by particle evaporation in the ablation step. The systematics 
of Morrissey [Morrissey 1989] includes both processes and yields good agreement with the 
experimental data. Only for very light fragments produced by a heavy projectile, e.g. 238U, 
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systematic deviations have been found which can be explained by interactions in the hot 
fire ball zone of the colliding nucleons [Ricciardi et al. 2006]. 
The momentum spread of the fragments [Goldhaber 1974, Morrissey 1989] can be esti-
mated from 
1
)( fpf
0 −
−=
pA
AAAσσ  (3) 
Ap and Af are the mass numbers of the fragment and the primary, respectively. σ0 repre-
sents the mean Fermi momentum of the removed nucleons. From this relation one sees 
that the distribution widens with increasing number of abraded nucleons and for a given 
fragment, the kinematical focusing increases with both the fragment velocity. In the em-
pirical formula 3 [Morrissey1989] the ablation stage is included. Typical values for heavy 
fragments Af ≥ 100 at E=500 MeV/u are a solid angle of 10-3 sterad and a relative momen-
tum spread of 1%. The separation efficiencies with a powerful in-flight separator range 
from 50% to 100% for such fragments. 
 
Figure 5: Left panel: Standard deviations of the momentum (∆p/p) and angular (σα) distributions 
for 132Sn fragments produced via 238U projectile fission and for 100Sn fragments produced via 124Xe 
projectile fragmentation [Geissel et al. 2003].  The calculated curves, as a function of the incident 
projectile energy, are shown for a very thin target (0.1 mg/cm2, dashed lines) and with realistic 
production targets (full lines) optimised for the acceptance of the Super-FRS, see section 8. Right 
panel: Angular and momentum spread of 78Ni and 132Sn fission fragments compared to 100Sn pro-
jectile fragments. The fission products are created with 1500 MeV/u 238U projectiles in a 3.5 g/cm2 
carbon target and 100Sn is produced with 1500 MeV/u 124Xe in an 8 g/cm2 carbon target. 
Much more difficult is the in-flight separation of fission fragments. Their kinematics is de-
termined by the Coulomb repulsion of the two fragments at the point of separation. The 
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high total kinetic energy of about 170 MeV for uranium fission drives the fragments apart 
from the centre of mass. Their momenta form a spherical shell, which converts to an ellip-
soid in the laboratory frame because of the relativistic transformation. In the laboratory 
frame, the relativistic fission fragments at 1000 MeV/u are emitted around a cone with an 
opening angle of 40 mrad and a momentum spread of approximately ∆p/p=10%. On the 
other hand one can take advantage of the kinematics and separate reaction products cre-
ated by fission or fragmentation by a pure velocity window. The projectile fragment sepa-
rators operated today were not designed to accept this huge phase space of the fission 
fragments whereas the next generation facilities [Geissel et al. 2003, Kubo 2003] are opti-
mised for both projectile reaction products after the promising pioneer results with the 
FRS [Bernas et al. 1994]. 
The intensity of exotic nuclear beams is only partially determined by the physical parame-
ters of the chosen nuclear reaction. It also depends on the technical developments of the 
primary projectile sources – accelerators or reactors – and on the separation methods. Re-
cently, much progress has been achieved to improve the quality and the intensity of the 
projectile sources (Np) providing either neutrons, light or heavy ions. Depending on the 
energy range and the selected accelerator type the intensity and available element range of 
the secondary beam vary significantly. In table 1 different scenarios for exotic-beam facili-
ties are shown. 
Table 1: Components of a rare-isotope beam facility. The intensity and energy range of the driver 
device are decisive for resulting rate of exotic nuclei. The reaction type and the target thickness can 
contribute by a factor 10-100. Reactions: fusion (FU), fission (FI), fragmentation (FR), nucleon trans-
fer (NT). 
Projec-
tile Driver Facility 
Energy 
MeV/u Intensity 
Nucl. 
React. 
Target 
neutron reactor ILL Grenoble/France thermal 1014 cm-2s-1 FI 1 g 238U 
cyclotron 
TRIUMF Vancou-
ver/Canada 
Jyväscylä/Finland 
10-500 1015 s-1 FR 2 g cm-2 
proton 
synchrotron CERN PSB/CH 100-1000  1013 s-1 FR 100 g cm-2 
RF-linac UNILAC, GSI Darm-stadt/Germany 1-10  10
13-1014 s-1 FU,NT 0.3-0.6 mg cm-2 
cyclotron 
Jyväscylä 
CRC Louvain-la-Neuve/B 
Ganil  Caen/France 
RIKEN/Jp 
10-350  1013-1014 s-1 FR 0.4-1 g cm-2 
SIS18,  GSI Darmstadt 
CSRm Lanzhou/China 
100-2000  109-1010 s-1 FR, FI 4-8 g cm-2 
heavy 
ions 
20≤Z≤92 
synchrotron 
SIS100, FAIR pro-
ject/Darmstadt 
100-2000  1011-1012 s-1 FR, FI 4-8 g cm-2 
 
A high-flux reactor can provide up to 1×1014 neutrons/cm2 which are used to induce fis-
sion in very heavy target atoms like 235U [Siegert et al. 1974, Habs et al. 2003]. A high in-
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tensity, up to 1015 s-1, can be reached with proton and deuteron accelerators which can be 
used in a large energy range from 30 to 1000 MeV/u to create exotic reaction products. 
Heavy-ion sources, linear accelerators and cyclotrons provide intensities of about 1×1013 s-1 
in the energy range up to several hundred MeV/u. Relativistic energies up to 1-2 GeV/u 
can be cost effectively reached only with synchrotrons. However, the incoherent space-
charge limit reduces the maximum intensity e.g., to about 4×1010 per accelerator cycle for 
uranium ions in the charge state q = 73+. Because this critical limitation scales with A/q2 a 
promising solution is to accelerate the ions in much lower charge states. Preserving the ki-
netic energy the consequence is to increase the maximum magnetic rigidity for the syn-
chrotron driver accelerators. In addition, the ramp rate of the next-generation synchro-
trons will be increased by roughly an order of magnitude to become compatible with the 
other accelerator types in terms of luminosity. These solutions are aimed for the planned 
Facility for Antiproton and Ion Research FAIR at GSI [FAIR 2001].  
Besides the primary projectile intensity (Np) the number of target atoms (Nt ) determines 
the luminosity L of a system (L = Np Nt). Typical values used for Nt in the different rare-
isotope facilities are listed in table 1. The choice strongly depends on the energy domain 
and the primary beam. 
 
Figure 6: Principles of present and future ISOL and in-flight facilities. Both experimental methods 
are very powerful and complementary methods for production and separation of exotic nuclides. 
Different experimental scenarios and possible couplings to a storage device are indicated by ar-
rows. Examples of the indicated couplings are: 1=FRS-ESR, 2=MSU-LEBIT [Bollen et al. 2004], 
3=HITRAP [HITRAP 2003], 4=Future options. 
The third important contribution to the total intensity of secondary beams is the overall ef-
ficiency (ε) of the separation method which can range from 10-6 to 1. Although these dif-
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ferent parameters are often discussed the impact of a high selectivity and sensitivity is just 
as often overlooked. The selectivity of the separation method is responsible for the amount 
of contaminants present in a selected secondary beam. Challenging physics studies have 
been successfully performed with only few atoms by means of a high selectivity combined 
with an efficient detector system [Münzenberg 1988, Schneider et al. 1994]. 
In summary, the intensity of a secondary beam is given by: 
Nf = Np Nt σ ε = L σ ε (4) 
Two main separation principles are applied in existing and planned exotic-beam facilities. 
The first method, the ISOL technique, uses in general thick production targets where the 
projectile beam is fully stopped. In an ISOL device the nuclear reaction products are 
stopped and then transported by diffusion processes from the target or catcher to an ion 
source for ionisation before they are accelerated to typically 10-100 keV. The target-catcher 
system can also be integrated into the ion source. Electromagnetic fields separate the nu-
clei according to their mass-over-charge ratio. The principle of an ISOL device is shown on 
the left-hand side of figure 6. In ISOL devices the diffusion and effusion processes are 
rather slow, in the range of seconds, and thus limit the access to exotic nuclides with 
longer lifetimes, dependent, of course, on the production yield and the chemical and solid-
state characteristics. In ISOL systems one obtains in general, for the well-suited nuclides, a 
much higher intensity because of the performance of the high-intensity light ion driver ac-
celerators and the much thicker primary production targets. Another advantage for some 
categories of experiments is that the phase space volume is smaller for a secondary ion 
beam emerging from the ISOL ion source compared to reaction products produced and 
separated in-flight. A pioneer ISOL facility is ISOLDE [Ravn et al. 1994] at CERN and its 
modern extension with a post-accelerator REX-ISOLDE [Kester et al. 2003]. Another pilot 
ISOL facility with the feature of post acceleration of exotic nuclei has been operated at 
Louvain-La-Neuve [Gaelens et al. 2003, Stracener 2003] 
The ISAC facility in TRIUMF is a large-scale ISOL facility, similar to ISOLDE, devoted to 
the post-acceleration of exotic nuclei with nuclear astrophysical objectives. The driver ac-
celerator of the ISAC facilities provides a high-intensity (up to 100 µA) 500 MeV proton 
beam for the production of spallation products in a variety of different targets. A post ac-
celerator system provides accelerated rare isotope beams up to 6.5 MeV/u [ISAC2 2005]. 
The second method is in-flight separation [Münzenberg 1994, Geissel et al. 1995, Sherrill 
2002, Morrissey et al. 2004]. Using this method, one takes advantage of the specific reac-
tion kinematics to separate selected nuclear reaction products from contaminants with a 
high suppression factor (< 10-12). In figure 6 the principle of the in-flight method is com-
pared with the ISOL technique. Because the target used in an in-flight separator is much 
thinner than in an ISOL facility, the reaction products penetrate the ion-optical system 
with high velocity determined by the reaction kinematics. A major advantage of an in-
flight separator is that the limits in half-lives for the separated secondary beam are only 
determined by the time-of-flight through the ion-optical system independent of the chemi-
cal property of the selected elements. The time-of-flight is of the order of microseconds in 
devices used near the Coulomb barrier and decreases to a few hundred nanoseconds 
within separators for relativistic nuclei. In-flight separators have been applied from low 
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energies near the Coulomb barrier up to relativistic energies far above the Fermi energy 
[EMIS 1996, EMIS 2003].  
A powerful in-flight facility for relativistic exotic nuclei, up to 18 Tm, has been installed 
and successfully applied at GSI since 1991. The universal linear accelerator UNILAC 
[Barth et al. 2000] and the heavy-ion synchrotron SIS18 [Blasche et al. 1985] provide beams 
of all stable isotopes from protons up to uranium with maximum kinetic energies corre-
sponding to a magnetic rigidity of Bρmax = 18 Tm. A characteristic feature is that the in-
flight separator FRS is combined with the Experimental Storage Ring ESR. For experi-
ments without the ESR the accelerated projectiles are extracted slowly from SIS18 over a 
time period between 50 ms and more than 12 s. For experiments with the the ESR the ac-
celerated beam is ejected within 1 turn, i.e. in about 1 µs. There is also the possibility to 
compress the circulating beam into one single, short bunch, which is the best condition for 
the injection of rare isotope beams from the FRS into the ESR. A schematic layout of the 
GSI in-flight facility is presented in figure 7.  
 
Figure 7: The layout of the ring 
branch of the present high-energy 
rare isotope facility at GSI [Geissel et 
al. 1992a]. The stable projectile ions 
are converted to interesting exotic nu-
clides in the production target placed 
at the entrance of the separator FRS 
which separates in flight via the Bρ-
∆E-Bρ method. A shaped energy de-
grader is placed in the central disper-
sive focal plane of the FRS. The spa-
tially separated fragment beam is in-
jected into the storage-cooler ESR. 
 
 
In-flight separation of the projectile fragments with the FRS gives access to nuclei with 
half-lives down to the sub-µs range. The spatial separation in flight is the key for the injec-
tion of short-lived secondary beams into the ESR. Pure electro-magnetic ion-optical sys-
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tems only can separate spatially according to the mass-to-charge ratio of the analyzed ions. 
A substantial extension can be achieved by incorporating atomic interaction in matter 
within dispersive ion-optical systems [Geissel et al. 1989]. At the FRS atomic slowing-
down of projectile fragments in shaped solid degraders placed at a dispersive central focal 
plane is applied to achieve spatial isotopic separation, i.e., by mass-(A) and proton number 
(Z). This application profits from two characteristics at high velocities. First of all the 
heavy ions are completely ionised and secondly, the energy-loss and angular straggling 
result only in small phase space enlargements. The operating domain of the Bρ-∆E-Bρ 
method is given at the lower limit by the minimum kinetic energies to yield mainly bare 
fragments emerging from the target and the degrader, see figure 8. The upper limit is de-
termined by the loss due to secondary nuclear reactions taking place in the thick degrader 
material [Geissel et al. 2003]. Losses of up to 50% are tolerable for experiments where a 
high separation power is essential. 
 
 
 
Figure 8: Operating domain of 
the Bρ-∆E-Bρ separation method 
[Geissel et al. 1992] which is 
widely used for mono-isotopic 
in-flight separation. The result-
ing requirements for the mini-
mum kinetic energies to yield 
fully ionised fragments (indi-
cated by lines for fractions of 
80%, 90% and 95%) are calcu-
lated for Al and Nb materials 
[Geissel et al. 2003]. The upper 
limit for the kinetic energies of 
the fragments is given by the nu-
clear losses in an energy de-
grader with a thickness corre-
sponding to half of the atomic 
range in the material. 
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The separation requirements for experiments with the combination of the FRS with the 
ESR can be quite different dependent on the goal of the measurements and the employed 
detection system for the stored and circulating fragments as illustrated in figure 9. For ex-
ample, in SMS experiments a 'cocktail' fragment beam is ideal because in this way one 
measures simultaneously nuclides with known and unknown mass numbers. More strin-
gent requirements govern the separation conditions for IMS and for half-life measure-
ments. In the latter experiments  the goal is to have no daughter contaminants in the in-
jected ensemble. 
Figure 9: Experiments with the combination 
FRS-ESR [Geissel et al. 1992a] can be per-
formed in two different ways: either a multi-
component ('cocktail') beam (upper panel) 
consisting of many different fragments or a 
mono-isotopic beam (lower panel) is used. A 
mono-isotopic beam can by provided by the 
Bρ-∆E-Bρ technique [Geissel et al. 1992]. An 
illustration of the possibilities is presented in 
the measured Schottky frequency spectra of 
58Ni fragments at 220 MeV/u [Scheidenber-
ger et al. 1999]. 
 
 
3 Other Methods for Mass Measurements of Exotic Nuclei 
The importance of atomic masses is clearly reflected by the ongoing experimental efforts 
to develop new methods characterised by higher accuracy, resolution and sensitivity, es-
pecially, for short-lived nuclides.  The accuracy for stable nuclides has reached the 10-11 
range [Van Dyck et al. 2004] because in this case the duration of the measurement and the 
statistics of the measurement are no limitation. In principle, all physical observables that 
are unambiguously related to the mass can be used for mass determination. However, in 
practise the experimental methods mainly focus on lateral and longitudinal dispersive 
electromagnetic devices, or make use of Einstein's mass-energy equivalence in evaluating 
the Q-value of reactions and decays.  Historical, the latter methods were called 'indirect 
methods'. The deflection in electromagnetic fields requires that the atoms are ionised and 
the result is basically a measurement of the mass-over-charge ratio. The highest precision 
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in nuclear spectrometry experiments can be obtained by frequency measurements, thus it 
is obvious that nowadays the frequency-based methods have reached the highest resolu-
tion and accuracy.  The revolution or cyclotron frequencies of the ions are determined for 
mass measurements in traps [Bollen 2001], cyclotrons [Auger et al. 1994], and storage rings 
[FGM 1987, Wollnik et al. 1987]. The different experimental methods are applied in differ-
ent energy regimes of the exotic nuclei and thus are strongly linked to the production and 
separation scenarios. 
Mass determinations based on the ion motion in electro-magnetic fields require the meas-
urements of the magnetic rigidity (Bρ) and the corresponding velocity v or cyclotron fre-
quency ωc:  
where γ represents the relativistic Lorentz factor, γ=(1-β2)-1/2. Conventional high resolution 
on-line magnetic spectrometers (p/∆p up to 20000) have been used to determine Bρ. At 
low energies, at ISOL facilities, the velocity has been determined by the accelerating poten-
tial [Barillari et al. 2003] and at higher energies directly by time-of-flight measurements 
with large path lengths [Bianchi et al. 1989]. This method is often applied in combination 
with particle identification in experiments dedicated for the search of new isotopes; thus 
the mass measurement yields the first ground-state property of a discovered isotope. The 
Q-value measurements represent a similar motivation and category. The energy conserva-
tion in a nuclear reaction defines the so-called Q-value 
where Minitial and Mfinal are the total masses of the atoms before and after the reaction. It is 
the amount of energy released (exothermic) or consumed (endothermic) in a selected reac-
tion and can be expressed also in terms of mass excesses.  The Q-value of a two-body reac-
tion a(b,c)d can thus be written as 
where the mass excess is defined by 
Hence, it is directly related to the binding energy according to equation (6). The unknown 
mass of a reaction partner in a two-body reaction can be determined if the other three 
masses are well known. Besides the requirement of a precise determination of the Q-value 
one has to separate the ground and excited states in the exit channel. Although this Q-
value technique is very specific and restricted it has certainly advantages, particularly, if 
unbound nuclei are in the reaction channel. In this case the in-flight decay can be meas-
ured via complete kinematics measurements, i.e., all four-momenta of the reaction prod-
ucts have to be precisely measured to evaluate the so-called invariant mass.  
Mass measurements based on Q-value determinations include also the decay measure-
ments where the mother nucleus is converted to a lighter daughter nucleus and thereby 
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emits particles. Again knowledge is required if the decay occurs to the ground state or to 
an excited state. For decay studies near the drip-lines this information is quite rare because 
the mass and the lifetime are most often the first measured properties for a discovered iso-
tope.  Therefore, large systematic errors might enter in the Q-value mass determinations if 
the ground and isomeric states are not identified and resolved. When using the β+ and β- 
decays for mass determination it is a great experimental challenge to determine the end-
points of the corresponding energy spectra due to the 3-body kinematics. Often those Q-
value measurements have to be revised by subsequent direct mass measurements. It is eas-
ier if only a single particle is emitted in the decay channel, as is the case for  proton or  α-
decay. 
A further variation of the first method is based on refined time-of-flight techniques. The 
simplest experimental time-of-flight (TOF) spectrometer is an arrangement where a start 
and a stop detector are placed in a free drift length. However, this has the disadvantage 
that a geometrical enlargement for improving the precision can cause inevitably transmis-
sion losses due to the angular divergence of the beam of exotic nuclei.  Therefore, it is ele-
gant to incorporate dispersive and focussing ion-optical elements in the distance between 
start and stop detectors. In this case excellent timing properties are maintained with 
isochronous optical conditions [Wouters et al. 1985]. The fields and the geometry of the 
ion-optical elements are arranged such that the flight times are independent of the velocity 
spread of the nuclear reaction products. The ion optical characteristics and requirements of 
longitudinally dispersive systems have been described in [Wollnik et al. 1981a, Wollnik et 
al. 1981b]. The TOFI spectrometer is a highly symmetrical system consisting of four di-
poles which form almost a ring structure. A direct further development applying the 
isochronous optical properties is the use of cyclotrons [G. Auger et al. 1994, Issmer et al. 
1998] and ion storage rings [Wollnik et al. 1987] for mass measurements.  The isochronicity 
is a basic characteristic of a cyclotron accelerator and the knowledge of the magnetic in-
duction B, the radio-frequency ω applied to the cavities, and the number of turns n yields 
the wanted mass-over-charge m/q ratio: 
n
B
q
m
/ω
γ =  (9) 
For isochronous ions the ratio ω/n directly represents the cyclotron frequency. Using a cy-
clotron for mass measurements generally requires that the exotic nuclei are injected from 
an independent production and separation source, a scenario applied at GANIL. The 
GANIL facility consists of two cyclotrons where one is used to produce the exotic nuclei 
and the other one as a high-resolution mass spectrometer [Auger et al. 1994]. A similar 
scenario has been applied with the two cyclotrons at the ISN-Grenoble [Issmer et al. 1998]. 
A special radio frequency mass spectrometer was invented, built and successfully oper-
ated by L.G. Smith over a period of more than a decade [Smith 1960].  Measuring fre-
quency ratios, the system had a better precision and resolving power than the classical 
high-resolution electro-magnetic spectrometers with transverse dispersion. A mass spec-
trometer based on the same principle is the radio-frequency transmission spectrometer 
MISTRAL [Coc et al. 1988, MISTRAL 1999, Lunney et al. 2001] installed at CERN in 1997. It 
uses the 60 keV exotic nuclear beams from the on-line separator ISOLDE. The ions follow a 
two-turn helical trajectory in a homogeneous magnetic dipole field and pass with a sinu-
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soidal modulation of the longitudinal kinetic energy an electrode structure located at the 
one-half and three-half turn positions. The ions travel one complete cyclotron orbit be-
tween the two modulations and are selected under the criterion that the net effect of the 
modulation just cancels. 
Ion Traps 
The frequency measurements of stored exotic nuclei yield presently the most efficient and 
accurate direct mass determination.  Several and down to single particles are involved in 
one cycle of the precision measurements in ion traps and storage rings. 
 There are mainly two ion traps commonly used, the Penning trap [Brown et al. 1986] and 
the Paul trap [Paul et al. 1955] traps.  Penning traps are mainly applied for high-resolution 
and high-accuracy mass measurements of stable and exotic nuclei [Bollen 2001]. The long 
storage of ions in a strong homogeneous magnetic dipole field and an axial symmetric 
electric quadrupole field are the keys for high-precision measurements based on the cyclo-
tron frequency. The characteristic motion of an ion stored in a Penning trap is a superposi-
tion of three independent harmonic eigen-motions. The cyclotron frequency ωc is directly 
given by the sum of the magnetron motion ω+ and the reduced cyclotron motion ω- . The 
latter two frequencies are composed of the harmonic axial oscillation ωz which is caused 
by the quadrupole field [Dehmelt et al. 1978]: 
 
The resolving power in a Penning trap depends on the duration of the observation time 
Tobs. The line-width of the determined cyclotron frequency is approximately 0.8 / Tobs (the 
Fourier limit), therefore the resolving power can be estimated according to [Bollen 2001]: 
This relation demonstrates clearly the limitations for exotic nuclei with short half-lives and 
very small production cross sections. A reasonable estimation is to assume for the observa-
tion and exciting period twice the half-life. 
The statistical uncertainty in the mass measurement is basically the product of the resolv-
ing power and the square root of the number of stored ions Nstor.  
Besides field imperfections and stabilities issues one has to avoid systematic errors due to 
Coulomb interaction between ions of different masses trapped simultaneously [Bollen et al. 
1992, Blaum 2006]. This latter correlation can be simply avoided if only single trapped ions 
are measured at a given time. Motivated by successful pioneer experiments with ISOL-
TRAP [Bollen et al. 1996] numerous Penning traps are applied for precise mass measure-
ments of exotic nuclei at ISOL and In-Flight facilities worldwide. A comprehensive list and 
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description of recent Penning-trap activities is given in reference [Blaum 2006]. Recently a 
new Penning trap system has also been installed at the in-flight separator SHIP at GSI 
[Block et al. 2005].  
The mass measurements of exotic nuclei in ion traps and storage rings have many parallels 
which are illustrated in figure 10. However, already from this comparison it becomes ob-
vious that because of the quite different dimensions the requirements for the magnetic 
field homogeneities are much more difficult to fulfil in a storage ring. Note, that the exotic 
nuclei in an ion trap move in a field volume of less than 1 cm3.  
 
 
Figure 10: Comparison of the basic components of an ion-trap and a storage-ring experimental 
setup for mass measurements of exotic nuclei [Geissel et al. 1997]. 
A dedicated ion trap for very short-lived exotic nuclei is the Multi-Reflexion Time-of-
Flight Mass Spectrometer (MR-TOF-MS) which is based on the idea that the resolving 
power of a time-of-flight mass spectrometer can be substantially improved by enlargement 
of the flight path using multiple-reflection techniques [Wollnik et al. 2003, Plass 2007] . 
Such a MR-TOF-MS represents a very recent development and can perform mass meas-
urements with a cycle time of about 1 ms. Thus it gives access to very short-lived nuclides. 
The MR-TOF-MS is based on an ion-optical four-electrode reflector design as illustrated in 
figure 11 [Plass 2007]. 
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In a pilot experiment, a resolving power of about 100,000 has been achieved. Depending 
on the number of detected ions, a mass accuracy of down to 10-7 can be achieved for mass 
measurements with the MR-TOF-MS. It has the advantage that very short-lived exotic nu-
clides, which are not in reach for devices like Penning traps, can be measured. The MR-
TOF-MS will open new research eras and represents the equivalent for the Penning trap 
system as the IMS is for SMS, see chapters below. 
 
Figure 11: Schematic layout 
of a MR-TOF-MS system 
for precision mass meas-
urements and high-
resolution mass separation 
[Plass 2007]. The RFQ mass 
filter is used to remove 
contaminant ions with 
mass numbers different 
from the mass number of 
interest. After separation in 
the time-of-flight analyzer, 
the ions can either be de-
tected in an MCP detector, 
or spatially separated with 
a pulsed ion gate. 
 
4 Ion Storage Rings 
4.1 History of Storage Rings and Cooling Methods for Ion Beams 
The first proton storage rings were already designed a few years after the completion of 
the first alternating proton synchrotrons at Brookhaven and CERN. The principle of strong 
focusing [Courant et al. 1952] made it possible to design large acceptance rings with rela-
tively small magnet apertures at moderate cost. For example, the intersecting storage rings 
ISR at CERN for p-p collisions at high c.m. energy went into operation in 1967. The storage 
rings for secondary particles, e.g. antiprotons, and for heavy ions came into consideration 
since the principles of cooling stored ion beams had been invented: electron cooling by 
G.I. Budker [Budker 1966] and stochastic cooling by S. van der Meer [van der Meer 1972]. 
Other methods of ion beam cooling were discussed and investigated later on. Laser cool-
ing has been demonstrated successfully [Wineland et al. 1979], however it works only with 
ions in specific low ionisation states and is predominantly applied for high precision 
atomic spectroscopy in ion traps. Laser cooling of highly ionised relativistic ions will be 
investigated at the proposed FAIR facility [FAIR 2001]. A possible damping effect of ine-
lastic atomic collisions between stored, partially stripped heavy ions has been discussed in 
a few publications but was never observed so far. 
Beam cooling helps to compress the particles of a dilute beam into a smaller phase space 
volume and, therefore, opens up the possibility to add repeatedly beam batches, i.e. to ac-
cumulate beam intensity. This was and still is important for the preparation of intense and 
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highly brilliant antiproton bunches for proton-antiproton colliding facilities, formerly in 
the AA complex for the SPS at CERN and later on in the accumulator ring for the Tevatron 
at Fermilab. At both facilities the stochastic cooling method has been developed to a high 
performance. The accumulation of heavy radioactive nuclei has been demonstrated suc-
cessfully at the ESR at GSI, where it is an important tool for the investigation of nuclear re-
actions with stored exotic beams. If an internal gas target is used, a rather high luminosity 
can be achieved because of the revolution frequency of about 2 MHz. For these experi-
ments electron cooling is also necessary to counterbalance the beam heating in the target 
due to angular scattering, energy straggling, and loss of mean energy. 
It is worth mentioning here, because of the important contributions to the development of 
storage and electron cooling (EC) or stochastic cooling (SC) of low and intermediate ki-
netic energy ions, the following storage rings (in parentheses start and, if so, end of opera-
tion): 
 NAP-M/INP Novosibirsk (1974-1980, EC) where the first demonstration of electron 
cooling took place [Budker et al. 1975], 
 LEAR/CERN (1983-1996, EC, SC, preceded by the initial cooling experiment ICE) for 
low energy antiprotons and later also for partially stripped heavy ions,  
 IUCF-Cooler/IU Bloomington (1988-2002, EC) for experiments with protons up to 400 
MeV, 
 TSR/MPI Heidelberg, (since 1989, EC, LC) for low energy heavy ions and molecules,  
 ESR/GSI Darmstadt (since 1990, EC, SC) for storage and cooling of fully stripped ion 
beams up to uranium and correspondingly heavy exotic beams at energies up to 
400 MeV/u, 
 ASTRID/Aarhus (since 1992, EC, LC) for low energy ions and molecules, 
 CRYRING/MSI Stockholm (since 1992, EC) for low energy ions and molecules,  
 COSY/FZ Jülich (since 1994, EC, SC) for protons up to 2880 MeV, 
 CELSIUS/TSL Uppsala (1992-2005, EC) for protons up to 1360 MeV [Reistad et al. 
1993], 
 TARNII/INS Tokyo (1988-2002, EC, SC) for protons and light ions, 
 LEIR/CERN (since 2006) for the accumulation of partially stripped heavy ions for LHC, 
 HIFL-CSRm and CSRe/IMP-Lanzhou ([Wei et al. 1997] since 2007, EC) for stable and 
radioactive heavy ions up to 400 MeV/u. 
Recent projects relevant for the experiments with cooled exotic beams are: 
 MUSES/ RIBF RIKEN (unfortunately pending since 2004) [Katayama et al. 1997], 
 RI-Ring/RIBF-RIKEN (technical design for an isochronous ring [RIKEN 2003]), and the 
 CR-RESR-NESR complex for FAIR/GSI Darmstadt ([FAIR 2001] technical design), 
which will be described briefly in section 8. 
4.2 The Experimental Storage Ring ESR  
4.2.1 Basic Features 
The ESR, see figure 12, has the shape of a race track with two arcs and two long straight 
sections used for the installation of an electron cooling device and an internal gas jet target, 
respectively [Franzke 1987]. The circumference of the central closed beam orbit is 108.36 m, 
i.e. exactly half of the SIS18 synchrotron orbit in order to facilitate beam bunch to RF-
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bucket transfer between both rings. Large transverse acceptances are provided for the in-
jection of "hot", i.e. large emittance secondary beams of nuclear fragments. A large mo-
mentum acceptance of (∆p/p)max≈ ±2% is provided for the storage of electron cooled multi-
component beams with accordingly different magnetic rigidity as necessary for the Schot-
tky mass spectrometry. The comfortable momentum acceptance is also useful for the de-
cay measurements of fragment beams with a large Bρ change, and for RF-stacking of low 
intensity primary beams. The maximum bending power of 10 Tm allows the storage of 
U92+ ions with a maximum specific kinetic energy of 560 MeV/u. As the electron energy of 
the cooling device (see figure 16) is limited to 270 keV, the practical energy limit for elec-
tron cooled ion beams is 410 MeV/u. Nevertheless, at these high kinetic energies only a 
few atomic charge states of the heaviest nuclear fragments emerge from the production 
target (bare, H-, He-, and Li-like ions). This facilitates the unambiguous attribution of lines 
in the mass spectra (see below) to nuclides and their atomic charge states. 
 
 
Figure 12: Principle layout of 
an ion storage-cooler ring dem-
onstrated with the example of 
the Experimental Storage Ring 
ESR [Franzke 1987]. The beam 
noise pick-up used for Schottky 
Mass Spectrometry (SMS) is 
schematically indicated in the 
straight section near the inter-
nal gas target. The TOF detec-
tor can be moved into the aper-
ture by means of a nearly 2 m 
long linear actuator. The detec-
tor system is fully UHV com-
patible. SCPu and SCKi denote 
the positions of the stochastic 
cooling pickups and kickers, 
respectively. The other main 
components of the ESR are de-
scribed in the text. 
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4.2.2 Ion Optics 
A flexible lattice design with 10 independently controlled quadrupole power supplies en-
ables to vary the ion-optical modes, to choose suitable betatron tunes Qh and Qv (as illus-
trated in the working diagram of figure 13), and influence the dispersion amplitude Dx (see 
figure 14) as well as the momentum compaction factor αp = 1/γt2. At the transition point γt 
for a certain ion optical setting of the ring the frequency dispersion vanishes (df/dγ=0) like 
in a cyclotron at non-relativistic energies. 
The standard operation mode for the ESR lattice is characterised by a large storage accep-
tance of ±2% in the longitudinal momentum, by large acceptances of 450 and 
150 mm mrad in the horizontal and vertical phase planes, respectively. The momentum 
compaction factor αp=d(C/C)/(dp/p) describing the dependence of the closed orbit circum-
ference C on the momentum spread δp/p of a beam particle is approximately 0.15 corre-
sponding to a transition point at γt ≈2.6. 
 
 
Figure 13: Working diagram of the 
ESR for the standard operating 
mode. Qh and Qv are the betatron 
tunes, i.e. the number of horizon-
tal or vertical oscillations of beam 
particles per revolution with re-
spect to the mean beam axis. The 
small dotted curve represents the 
working points (Qh , Qv) for mo-
mentum deviations between +2% 
and -2% after correction of hori-
zontal and vertical chromaticity 
ξh,v= dQh,v/(dp/p) by applying 
sextupole correction fields (see 
figure 12). It is important for 
Schottky Mass Spectroscopy that 
the working line does not cross 
betatron resonances (dashed lines) 
iQh+jQv=m with i+j<4, where i,j, 
and m are integers. The amplitude 
growth due to higher order reso-
nances (not shown) can be easily 
damped by electron cooling. The 
coupling resonance Qh – Qv = 0 
does not affect cooled ion beams 
with small emittances in both 
transverse planes. 
 
As shown in figure 14 (a) for the standard mode, the momentum dispersion amplitude is 
large in the bending sections and vanishes in first order on the long straight sections. The 
remaining small dispersion amplitude is due to higher-order effects caused by the sextu-
pole magnets for chromaticity correction and by higher order field components in the gaps 
 23
of main bending and focusing magnets. Nevertheless, as the radial beam position at the 
electron cooler and the internal gas jet target is almost independent of the particle momen-
tum, all components of a cocktail beam from the FRS have roughly the same radial posi-
tion in the long straight sections of the electron cooler and the internal target and can be 
cooled to the common mean velocity of the cooling electrons and to the electron beam 
temperature of a few meV in the longitudinal direction. 
  
(a) 
  
(b) 
Figure 14: Calculated beam orbits and horizontal beam envelopes over a full ESR circumference af-
ter injection, i.e. before electron cooling, in the standard operating mode (panel (a)), and at low 
transition energy for the operation in the isochronous mode (panel (b)). The momentum deviation 
∆p/p relative to the central orbit is 1% and 0.2% for the two operating modes, respectively. The rec-
tangles represent the useful widths of bending (B) and quadrupoles (D, F) magnet gaps. The elec-
tron-cooling section (EC) in the centre of the plot consists of a central solenoid with 0.2 T maxi-
mum magnetic flux density and toroids for the inflection and deflection of the electron beam. The 
distortion of the circulating ion beams by the cooler field is compensated by symmetrically ar-
ranged horizontal/vertical orbit correction magnets and compensation solenoids. Eight sextupole 
magnets are suitably integrated in the four quadrupole triplets (see figure  12) for the correction of 
the chromaticity ξh,v = Bρ dQh,v/d(Bρ), where Qh,v denote the horizontal (h) and vertical (v) beta-
tron tunes, respectively. 
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The described standard mode is well suited for the SMS and yields access to nuclear frag-
ments with half-lives of more than a few seconds due to the time needed for cooling. Ex-
perimental access to nuclei with half-lives down to the range of 10 µs ≤ τ1/2 ≤ 1 s, which are 
of highest scientific interest, is possible by operating the ring at the transition point γ=γt in 
the so-called isochronous mode of operation. Here, similar to the situation in a non-
relativistic cyclotron, the revolution frequency of ions is in first order independent of the 
velocity spread. This means that the frequency spread of a mono-isotopic beam with large 
momentum spread is almost zero. Frequency differences in a multi-component ("cocktail") 
beam are mainly caused by differences in the mass-to-charge ratio m/q of the beam com-
ponents. Beam cooling is not required in this mode. 
 
Figure 15: Variation of the revolution frequency ∆f/f as a function of the relative momentum 
spread.  The experimental data are obtained with 208Pb primary beam. The frequency uncertainties 
are smaller than the size of the symbols [Hausmann 1999, Hausmann et al. 2000]. The small range 
of the injection window is indicated. The steep central (dashed) line indicates the corresponding 
frequency variation for the standard operation mode (see figure 14, panel (a)). 
 
The transition point in the standard lattice mode of γ=γt ≈ 2.6 corresponds to a specific ki-
netic particle energy of 1490 MeV/u, i.e. to a magnetic rigidity that exceeds the maximum 
ESR bending power of 10 Tm. Hence, a lattice mode had to be developed for a much lower 
transition point at γ=γt ≈ 1.4. As expected, this mode is characterised by very large ampli-
tudes of the dispersion function Dx and, therefore, the momentum acceptance in this mode 
is decreased by nearly an order of magnitude from ±2% to about ±0.2%, whereas the 
transverse acceptances are similar to the normal lattice mode. 
The dependence of the revolution frequency on the velocity of ions with the same mass 
and charge is plotted in figure 15. It is seen that an isochronicity of the order of ±2.5×10-6 is 
obtained in a small relative velocity interval of 2.5×10-3. To inject the fragment beam re-
producibly and exactly into the centre of this interval is one of the challenging tasks for the 
IMS experiments. 
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4.2.3 Beam Cooling 
For all ion storage rings the cooling of stored beams is a prerequisite for high precision 
atomic or nuclear physics experiments. At the ESR stochastic pre-cooling is combined with 
electron cooling. The stochastic cooling is more efficiently applied to "hot" secondary 
beams, because the electron cooling time decreases proportional to (∆vi,e)3 , where ∆vi,e is 
the velocity difference in the system co-moving with the ion. The electron cooling rate 
reaches a maximum when ∆vi,e is of the order of the thermal velocity distribution of the 
cooling electrons. 
A photograph of the ESR electron cooler is seen in figure 16 [Angert et al. 1990]. Electron 
beam energies of up to 270 keV and currents up to 3 A allow the attainment of the highest 
brilliance for nuclear fragment beams characterised by an initially low phase-space density 
[Steck et al. 1996, Steck et al. 2003]. 
 
Figure 16: Electron cooling device at the ESR. The electron beam current of up to 3 A is generated 
in the gun immersed in a magnetic solenoid field of up to 0.2 T (foreground), accelerated to the de-
sired energy up to 270 keV, and inflected to the ion beam axis, where the interaction with the ions 
(cooling process) takes place over a section of 2 m effective length. Then the electrons are deflected 
to the collector (background) and, due to the guiding solenoid and toroid fields, recovered with an 
efficiency of better than 99.99%. 
Atomic collisions with the constantly renewed cold electron beam contracts the phase vol-
ume of stored stable or fragment beams until a balance is reached between the cooling 
force and the intra-beam-scattering due to the Coulomb interaction between beam parti-
cles. By this way the initial velocity distribution of the injected beam is reduced down to 
δv/v ≈ 5×10-7 via electron cooling. This equilibrium velocity spread depends on the num-
ber of stored ions [Steck et al. 1996]. 
At the equilibrium of electron cooling and intra-beam scattering the momentum spread 
δp/p of the ion beam increases proportional to Ni0.3, where Ni is the number of stored ions. 
At very low ion beam intensities (Ni  ≤ 104) a sudden compression by more than an order 
of magnitude has been observed and an ultimate relative frequency spread  δf0/f0 of about 
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5× 10-7 was measured routinely [Steck et al. 1996], see figure 17. This effect, interpreted as 
disappearance of intra-beam scattering, leads to a high power density in the Schottky 
peaks and a high resolution in the Schottky spectra. 
The kinetic energy of the cooling electrons has a ripple of approximately 2 eV at 200 keV. It 
leaves the kinetic energy and, therefore, also the circulation frequency of ions at a stable 
average value, because the ions cannot follow the small energy variation with frequencies 
between 50 Hz up to 10 kHz. 
The ultimate frequency spread observed in the Schottky spectra is obviously determined 
by the current ripple of the magnet power supplies. The current stability of the bending 
magnet power supply – all bending magnet are supplied in series – leads to a (measured) 
field stability of ∆ B/B0 ≈ ±5×10-7 during a recording time for a Schottky spectrum of about 
10 s. The 10 power supplies for the 20 quadrupole magnets are of similar stability. Hence, 
improved resolution in Schottky spectra might be possible by means of applying the 
measured field ripple in the bending magnets for fine corrections of the beam noise fre-
quencies. 
 
Figure 17: Transverse emittance and momentum spread of electron-cooled beams at equilibrium. 
The number of stored ions Ni determines momentum spread δp/p and transverse emittances (here 
the horizontal emittance εx is plotted) of the circulating beam [Steck et al. 1996, Steck et al. 2003]. 
Fast stochastic pre-cooling (see electrode system in figure 18) can be applied to fragment 
beams prior to electron cooling in order to achieve shorter total cooling times to access   
nuclei with half-lives of a few seconds [Nolden et al. 2000]. The combination of fast sto-
chastic pre-cooling with electron cooling (EC) offers optimal conditions for the high preci-
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sion Schottky analysis in a restricted range of isotopes. The range is restricted in one set-
ting due to the m/q selectivity of the stochastic cooling. 
 
Figure 18: View through the aperture of stochastic cooling pick-ups installed in the gap of the di-
pole magnet in the centre of the northern arc of the ESR, where the dispersion amplitude has a 
maximum value of 6 m. The correction electrodes are installed in the centre of the southern arc. 
The hot beam on the injection orbit (on left side) is passing through the electrodes where it can be 
pre-cooled before it is decelerated by means of RF to the permanently electron cooled stack (right 
side) for beam accumulation (RF stacking). For mass measurements electron cooling is applied at 
injection energy. Both cooling techniques are employed mainly for lifetime experiments (see sec-
tion 7). 
 
Figure 19: Waterfall diagram of the Schottky power density from a uranium beam at 400 MeV/u 
vs. momentum spread at different times after beam injection. The primary beam from SIS18 was 
heated by passing it through a thick target of the FRS [Nolden et al. 2007]. Fast stochastic pre-
cooling has been applied up to 3 s after injection. After the stochastic cooling has been switched off 
electron cooling has been applied. 
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This performance is demonstrated in figure 19, where the frequency distribution of an ini-
tially hot uranium beam (heated in a thick target) at 400 MeV/u is recorded every 120 ms 
in a so-called waterfall diagram. SC is much more efficient than EC as long as transverse 
emittances and momentum spread of the circulating beam are large, i.e. at high ion beam 
temperature. On the other hand, EC becomes faster with decreasing ion beam temperature 
and leads finally to extremely small emittances and momentum spread. 
4.2.4 Other Important Ring Features 
Schottky probes are used for coasting (i.e. un-bunched) beams to precisely determinate the 
revolution frequencies and thus the momentum distributions of stored and cooled beam 
particles. Because of the well known mean velocity of electron-cooled beams, the fre-
quency measurement for an ion with well-known mass and charge state determines the 
length of the closed particle orbit. The probes provide the primary beam noise signal for 
the Schottky Mass Spectrometry SMS described below. 
Further tools for beam diagnosis are: 
 A beam profile monitor is based on position and time sensitive detection of beam in-
duced ions and electrons in the residual gas. 
 Several position sensitive particle detectors can be applied for the detection of ions 
which have changed their charge states due to recombination in the electron cooler, by 
electron capture or loss in the internal gas jet target, or by radioactive decays. 
 24 capacitive position monitors are used for measurements of intensity, transverse po-
sition and RF-phase of circulating beam bunches. Two ferrite tuned RF-cavities for the 
frequency range 0.8 to 5.2 MHz are used for RF-stacking, de- and re-bunching, and de-
celeration. 
A supersonic gas jet with 4 mm diameter perpendicular to the ion beam serves as an inter-
nal target. Thicknesses of up to 1×1013 atoms/cm2 for nitrogen and heavier gases and 
1×1012 atoms/cm2 for hydrogen are available at present [Reich et al. 1997]. So far, the tar-
get has been used for high precision atomic collision experiments. Nuclear reaction ex-
periments with stored exotic nuclei (e.g. 56Ni) are in preparation. But the target has been 
used already for a few nuclear physics experiments as, for instance, the investigation of 
the bound beta decay [Jung et al. 1992].  
The lifetime of electron cooled stable ion beams in the ESR is mainly determined by radia-
tive recombination (RR) between cooler electrons and stored ions. Compared to this effect, 
the contribution of the interaction with residual gas atoms to charge-changing rates is 
small, as long as the ultra-high vacuum (UHV) pressure is in the low 1×10-11 mbar range. 
Beam life times of a few hours have been measured for medium heavy ions. 
5 Mass Measurements at Storage Rings 
5.1 Principles of Mass Spectrometry at Storage Rings 
Mass measurements in a storage ring are based on precise measurements of revolution 
frequencies in the case of Schottky Mass Spectrometry (SMS) or of revolution times in the 
case of Isochronous Mass Spectrometry (IMS). In the equation for the revolution frequency 
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f = v/C both the ion velocity v and the circumference of the closed ion orbit C are variables. 
This leads to the differential equation 
C
C
C
C
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v
f
f ddddd −β
β=−= . (13) 
The length of the closed orbit depends only on the momentum-to-charge ratio p/q (or the 
magnetic rigidity Bρ) of the circulating particle: 
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p=mβγ is the relativistic momentum and q the electric charge of the stored ion. β=v/c is the 
particle velocity in units of the velocity of light in vacuum c, γ = (1-β2)-1/2 the relativistic 
Lorentz factor, m is the mass of the ion in units of the atomic mass unit u =931.494 MeV, 
and Z the nuclear charge in units of the elementary charge e=1.602176×10-19 As. The so-
called momentum compaction factor αp = 1/γt2 is determined by the ion optical setting of 
the storage ring. At the transition energy Et =mγt c 2 the circulation frequency does not de-
pend on the velocity of the particles like in a non-relativistic cyclotron. 
From equations (13) and (14) one can easily deduce the differential dependence of the 
revolution frequency on the velocity and the mass-to-charge ration of stored ions: 
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To achieve the highest resolution in the frequency spectrum the second term of equation 
(15) should be as small as possible. This goal can be reached in two ways:  
 either by means of electron cooling to extremely small values of the velocity spread 
∆β/β→0. This method is applied for the SMS. 
 or by means of operating the ring at the transition point (γ-2 - γt-2) =(γ-2 - αp)→0. This 
method is applied for the IMS. 
It is obvious that in both cases the circulating fragment beam generates narrow lines in the 
frequency or TOF spectrum of.  
 
5.2 Schottky Mass Spectrometry (SMS) 
5.2.1 Ion Detection 
In SMS experiments the frequency distribution of the beam noise (Schottky noise) is 
picked up by means of electro-static probes (metallic plates) which do not interfere with 
the circulating beam, as shown schematically in figure 20. This method has been applied 
for the first time more than 30 years ago at the Intersecting Storage Rings ISR at CERN 
[Borer et al. 1974]. It turned out to be an indispensable diagnostic tool for stored beams. 
Therefore, the necessary instrumentation was foreseen already for the commissioning of 
the ESR. 
 30
The Schottky noise is caused by the statistical fluctuation of the line density in the beam 
and, therefore, also in the beam current Ib(t) due to the limited number N of circulating 
discrete charges q,  
( ) ( )tIItmfqfqtI N N
m
m Sb
j j
j,jjb   cos   )( +=∆Θ+ω+= ∑ ∑ ∑= =
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=1 1 1
2 . (16) 
Equation (16) describes the contribution of each beam particle j with slightly different 
revolution frequency fj=ωj /(2π) and initial phase ∆Θj to beam current Ib (t) which consists 
of the constant mean current 〈Ib〉 and the time dependent Schottky amplitude IS(t). ∆Θj,m is 
the initial phase of the jth  particle at the mth harmonic of the revolution frequency fj. It is 
only the noise current IS(t) that can be picked up by the Schottky probes. Fourier transfor-
mation of IS(t) delivers a frequency spectrum with frequency bands at all harmonics of the 
mean revolution frequency f. From equation (15) one may deduce that – in the case of a 
mono-isotopic beam (m/q=const.) – the band width is determined by the momentum dis-
tribution of the beam particles: 
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For a given resolution band width (RBW) of the frequency analyser (or the Fourier trans-
formation algorithm) the power density in a frequency interval RBW is proportional to the 
power density function Ψm along the revolution frequency axis at harmonic number m: 
( ) NfqIIfZIP mmmmmm 2  with    d SS,2S,S, ==Ψ∝∝ ∫ . (18) 
The integral noise current IS,m in a band at any harmonic m has the same value IS for all 
bands. However, different values of the coupling impedance Zm at different frequencies 
fm=mf may lead to different values for the integral power PS,m of a Schottky band at differ-
ent harmonics. 
 
Figure 20: Schematics of the measuring device for the Schottky mass spectrometry at the ESR. The 
pre-amplified beam noise (Σ) signal is demodulated by means of an image reject mixer of 100–
320 kHz bandwidth. The local oscillator frequency is chosen close to the 30th harmonic of the 
mean revolution frequency, which typically is close to 2 MHz [Schaaf 1991]. 
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Typical RBW values during the SMS experiments were in the range 1 Hz to 10 Hz. Most of 
the frequency spectra were measured around the 30th harmonic near 60 MHz. Hence, the 
relative systematic frequency resolution was between 2×10-7 and 2×10-8. 
As seen in equation (18) the integral power PS,m of a line in the Schottky spectrum is pro-
portional to the number of particles N generating this line. It is also obvious that PS,m in-
creases with q2 which means that the power value from U92+ ions is nearly 4 orders of 
magnitude higher than that from the same number of protons. Therefore, Schottky signals 
from single highly charged ions can be recorded and used, e.g., for life time measurements 
and decay studies as illustrated in figure 43. 
The instrumentation for the Schottky diagnosis is based on almost conventional RF tech-
niques: low noise amplifiers at the output of the Schottky probes and then either a high 
resolution spectrum analyser or, after demodulation of the beam noise to a band width be-
tween 100 and 200 kHz by means of an image reject mixer, a fast digitising and Fourier 
transformation set, as seen in figure 20. The latest improvement is a fast digitiser and re-
corder in the time-domain with a band width up to 320 kHz [Litvinov et al. 2005]. This 
technique requires data storage of many Terabyte and off-line evaluation by means of 
suitable Fourier transformation codes. 
 
Figure 21: Production, separation and cool-
ing scheme of bare bismuth fragments il-
lustrated in the Bρ space. Upper part: Cal-
culated magnetic rigidity distributions of 
bare Bi isotopes at the exit of an 8 g/cm-2 
beryllium target. The lengths of the bars 
correspond to the FWHM of the Bρ distri-
butions. The Bρ windows of ±1 % for the 
transmission through the FRS and of 
±0.35 % for the injection acceptance of the 
ESR are indicated by dashed and solid ver-
tical lines centred at the selected Bρ value 
of 6.73 Tm, respectively. Lower part: Veloc-
ity β=v/c of the Bi fragments versus their 
magnetic rigidity. At the moment of injec-
tion the stored fragments are characterised 
by velocity distributions with widths of 
δv/v=4×10-3 (solid lines). During the cool-
ing process the velocities of the ions 
change along the dotted lines towards that 
of the cooling electrons. In the equilibrium 
state, all ions have the identical mean ve-
locity of the cooling electrons. The full dots 
denote species, which fall within the accep-
tance of the ESR (∆(Bρ)/(Bρ) =3.5 %), while 
the open dots denote ions whose magnetic 
rigidity after cooling is outside the ESR 
storage acceptance [Radon et al. 2000]. 
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5.2.2 Measurements 
Already directly after the commissioning phases of the FRS and ESR a pioneering experi-
ment with projectile fragments was successfully performed [Geissel et al. 1992a] which has 
clearly demonstrated the potential of this unique experimental combination. In the follow-
ing, SMS was further developed and refined amongst other things with nuclear fragment 
beams generated in the internal nitrogen gas jet target by the stored circulating primary 
beam. Systematic measurements of the variation of αp over the acceptance contributed to a 
better understanding of storage ring. The method was used to optimise the ion optics (be-
tatron tunes and chromaticity corrections) and to investigate the short and long term sta-
bility of the revolution frequencies at the ESR [Franzke et al. 1995, 1998] [Schlitt et al. 1997].  
For the measurements with nuclear fragment beams from the FRS the separated fragments 
are injected in short bunches of about 200 ns duration into the ESR, where a fast kicker 
magnet inflects the ions onto a closed orbit. For SMS the stored fragments are cooled by 
the electron cooler placed in the first straight section of the ESR ring (see figure 12). As an 
initial condition the mean velocities of the electrons and ions are chosen to be as close to 
each other as possible. This minimises the time needed for cooling, the duration of which 
is proportional to the third power of the velocity difference. 
 
Figure 22: Measured Schottky frequency spectrum with 320 kHz band width representing about 
100 known and unknown atomic masses [Litvinov 2003]. 
Electron cooling forces all fragments to the identical mean velocity filling the ESR storage 
acceptance of about ±1.2% this way. The described process is illustrated in figure 21 by a 
realistic simulation [Iwasa et al. 1997] of an SMS experiment with bismuth projectile frag-
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ments. The revolution frequencies of the stored and cooled fragments are obtained via 
time-resolved Schottky noise spectroscopy [Litvinov et al. 2005]. An image reject mixer 
and a frequency generator were used to down-convert the primary beam noise signal to 
the frequency range from 0 to 320 kHz. The signals were continuously digitised with a 
sampling rate of 640 kHz and stored on a hard–disk for the off-line analysis. This time-
resolved SMS gives the full dynamic information of the stored ions, i.e., the storage and 
decay properties of the ions in the ESR as a function of time. 
The identification of the measured frequency peaks in the Schottky spectra is made by 
means of a pattern recognition algorithm whereby measured and simulated spectra are 
compared. In this procedure the known atomic masses of nuclides tabulated for neutral 
atoms [Audi et al. 2003] were adapted to take the actual ionic charge state of the stored 
fragments into account. The different fragments are recorded in up to four ionic charge-
states from bare to Li-like ions. This presents a valuable redundancy and manifests a reli-
able identification. The contributions of uncertainties of the electron binding energies to 
the total accuracy in the SMS experiments are completely negligible. 
 
Figure 23: Resolving power of time-resolved SMS demonstrated for two bare 143Sm fragments, one 
in the ground state and the other one in the 754 keV excited isomeric state 143mSm. The resolving 
power of about 7×105 and the sensitivity down to single ions open a new dimension for SMS. 
A representative 320 kHz frequency spectrum is plotted in figure 22. The main lines are 
labelled with the corresponding identification. A unique feature of SMS is clearly demon-
strated in this spectrum: The revolution frequencies for a large number (about 100) of 
stored nuclear species with known and unknown masses are measured simultaneously. 
Measuring the grid of reference masses in the same spectrum with the unknown ones sub-
stantially reduces possible systematic experimental errors. This inherent calibration and 
the coverage of a larger mass surface in one spectrum is a great advantage of SMS over 
other high-precision mass measurements such as those using Penning traps. The electron 
cooling and the data recording cause a lower half-life limitation of a few seconds for the 
stored circulating fragments. Note that this technical limitation does not necessarily mean 
that only fragments with nominally longer half-lives have to be studied, because the nu-
clear half-lives for neutral atoms can be dramatically changed in the absence of orbital 
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electrons. This mainly concerns nuclides with strong electron capture branches or nuclear 
isomeric states that decay with highly-converted γ-transitions, see section 7. 
An unambiguous experimental identification is strongly correlated with the achieved re-
solving power. Only if the resolution is high enough to distinguish ions with very similar 
m/q ratios, like ground- and isomeric states of the same isotope, can the identification be 
definite. Time-resolved SMS is ideally suited for recording dynamical processes during the 
storage period. In this way drifts and instabilities can be corrected to achieve the ultimate 
resolution for SMS [Litvinov et al. 2005]. The drift of frequency peaks in time can clearly be 
seen and corrected. Furthermore, the procedure for drift correction gives a safe criterion 
for discarding spurious peaks because their behaviour in time is not correlated with the 
behaviour of peaks corresponding to real stored ions. A typical high resolution frequency 
spectrum for 143Sm fragments is presented in figure 23. The measured resolving power is 
about 7×105 and the excitation energy of the isomeric state is 754 keV. The sensitivity for 
single ions is remarkable, because the depicted Schottky frequency spectrum represents 
only the signals from two single ions, one in the ground and the other one in the isomeric 
state. 
The Coulomb interaction of two ion species with very similar mass-to-charge ratios can 
shift the frequencies or can even cause that only one common frequency peak is observed. 
Such peak shifts were the main source of systematic uncertainties in our pilot Schottky 
mass measurement [Radon et al. 1997, 2000]. Applying time-resolved SMS, the disturbing 
influence of such peak shifts can be disentangled because such frequency correlations 
change during the observation time. The ultimate sensitivity to detect single ions com-
bined with the high resolution opens up a new era for SMS. 
 
Figure 24: Resolving power of the single-particle method demonstrated for 197Hg ions in the 
ground and isomeric state. The excitation energy is 300 keV [Litvinov 2003].  
With this so-called single-particle method [Litvinov et al. 2005] one can trace ground and 
isomeric states down until only a single ion is left and this has obviously a well-defined 
state. This information from single-particle frequency peaks made it possible to determine 
isomeric states which can otherwise not be resolved. A resolving power of more than a 
million is reached in spectra where the single particle method is applied. A measured ex-
ample applying the single-particle method is illustrated in figure 24. Although these ions 
can not be directly resolved, the "reconstruction" of the distribution resolves the pattern. 
Equipped with the ultimate sensitivity and its high resolution, SMS has the potential to 
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discover new isotopes in mass and lifetime experiments. The key features of time-resolved 
SMS which qualifies for the discovery of new isotopes are summarised: 
 large number of reliable reference masses in the same spectrum  
 coverage of a wide area on the mass surface  
 appearance of the same nuclides in different ionic charge states  
 high resolving power of about 106  
 tracing the stored fragments down to single ions.  
 including the information of nuclear formation cross sections and decay properties  
Recently, new neutron-rich isotopes have been discovered in SMS experiments [Geissel et 
al. 2006b]. The discovery of new isotopes along with the first mass and life time measure-
ment is certainly a clear demonstration of the power of time-resolved SMS. 
The Q-values for a specific decay or reaction and the separation energies are the first pre-
cious information from accurate mass measurements which are relevant for basic nuclear 
physics and applications. Since the SMS measurements cover a large part of the mass sur-
face these results are well suited to deduce these values. The Q-values from beta decay (e.g. 
Q(β–) = M (A,Z)– M (A, Z + 1)) can directly be seen as the difference of the corresponding 
frequency peaks in the Schottky spectra. The one-proton Sp and one-neutron Sn separation 
energies have also a very interesting practical meaning: they determine the corresponding 
drip-lines. The drip-lines are defined by the conditions of Sp=0 or Sn=0. 
Sn = –M (A; Z) + M (A–1; Z)+ n (19) 
Sp = –M (A; Z) + M (A–1; Z)+ 1H (20) 
An example of the measured one-proton separation energies for odd-Z elements is pre-
sented in figure 25. 
 
Figure 25: Experimental one-proton separation energies (Sp) for odd-Z elements as a function of 
the mass number. The contribution by SMS results is indicated by full symbols. The dark grey 
symbols represent new masses [Novikov et al. 2002]. 
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5.3 Isochronous Mass Spectrometry (IMS) 
5.3.1 Ion Detection 
In the isochronous mode applied for IMS the revolution time is measured with a channel-
plate detector (see figure 26). Secondary electrons released by the stored ions penetrating 
at each turn a thin carbon foil are recorded. The carbon foil had a thickness of 17 µg cm-2 
and was coated with CsI. Due to the operation at the transition point (γ=γt) the energy loss 
has almost no influence on the revolution time. Depending on the nuclear charge, the 
stored ions make typically a few hundred turns immediately after injection before they 
leave the acceptance of the detector. The evaluation of the revolution time spectra requires 
that there are only a few fragments circulating in the ring. As seen in the lower part of fig-
ure 26, the raw spectra contain a lot of events which have to be unambiguously assigned 
to certain isotopes in the different atomic charge states. 
 
Figure 26: Time-of-flight detector and signals of a circulating ion beam. Such a detector has been 
applied for isochronous mass spectrometry. The circulating ions release secondary electrons from a 
thin foil at each turn. The electrons are accelerated and focussed on the channel plates via electric 
and magnetic fields and generate there an electrical pulse of a few ns width [Trötscher 1993]. 
5.3.2 Measurements 
Masses of fragments characterised by half-lives of a few seconds and more can be accu-
rately measured with time-resolved Schottky spectrometry [Litvinov et al. 2005]. In first 
pilot experiments applying IMS, Kr fragments were measured in the region of interest for 
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the astrophysical rp-process. The mean kinetic energy of the fragments was 344.7 MeV/u 
after the production target corresponding to γ=γt =1.370. The data of this experiment were 
in a relatively small mass range and the new mass values embedded in well-known refer-
ence values. The main experimental results were a mass resolving power of 1.1×105 and a 
mass accuracy between 100 keV to 500 keV [Stadlmann et al. 2004]. This first IMS experi-
ment with exotic nuclei has clearly demonstrated the potential of the method. The new 
mass values have contributed to a better knowledge of the rp-process for astrophysical X-
ray burst models.  
Exploring neutron-rich nuclides produced via fission of uranium projectiles is more chal-
lenging for IMS and shows clearly the present restrictions. In figure 27 the recorded 
isochronous time-of-flight (TOF) spectrum for uranium fission fragments is illustrated. In 
this case the covered mass-to-charge ratio is more than 10% and the network of reliable 
reference values is scarce. For the selected reference fragments the corresponding velocity 
spread is about 10-3 inside the ESR. These experimental conditions would require in the 
analysis a strong selection of the included mass range which can bias the final results of 
the mass measurements. In spite of this known shortcoming the first analysis clearly 
shows two features:  
 For these very neutron-rich nuclides the tabulated mass values in the AME are less re-
liable, the deviations for the already known experimental values reach 500 keV and 
more. 
 The deviations compared to theoretical descriptions are even larger than for the pro-
ton-rich nuclides covered with SMS.  
 
Figure 27: Revolution time spectrum for uranium fission fragments. The prominent peaks 
are labelled with the corresponding identification [Matos 2004]. The measured mass-to-
charge ratio covers about 10% (upper part). The lower part is a zoomed spectrum 
showing the measured revolution time for ions with well-known and unknown 
masses.  
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Figure 28: Calculated variation of 
the revolution time ∆T/T as a func-
tion of the magnetic rigidity change 
∆(Bρ)/(Bρ) for three different values 
of the mass-to-charge ratio m/q. A 
selected Bρ window of 1.5×10-4 is in-
dicated as a grey region [Geissel et 
al. 2006]. 
 
 
 
Figure 29: The measured revolution-time spectra are presented under the conditions of with and 
without Bρ tagging. Both spectra are accumulated with almost the identical field settings of the 
ESR. In the lower part, the spectrum, accumulated without Bρ tagging, resulted from a longer run 
and have been inverted to facilitate the comparison [Geissel et al. 2006].  
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Figure 30: Measured mass accuracy 
tested with well-known nuclei [Geissel 
et al. 2006]. The achieved accuracy 
with Bρ tagging was a factor of more 
than two higher than without. The 
comparison has been made for runs 
with the same statistics.  
 
The isochronous condition is strictly fulfilled only for one mass-to-charge ratio m/q in a 
narrow Bρ range. In figure 28 the calculated relations between the relative revolution time 
and the corresponding magnetic rigidity for three m/q ratios (2.615, 2.52, and 2.44) are 
shown. The deviations from the isochronicity can be kept small in a selected Bρ window of 
1.5×10-4. 
This has been realised in a recent experiment where the high resolution of the FRS is used 
to determine the Bρ of the injected fragments within 1.5×10-4 at the second dispersive focal 
plane via a modified slit system. The mass resolution achieved with this Bρ tagging is 
about 5×105 (σ value) which significantly improves the resolution as demonstrated in the 
time spectra shown in figure 29. Of course, this achievement also improves the identifica-
tion and separation of isomers compared to previous IMS measurements.  
The additional Bρ determination improves also the accuracy of the mass values as  is dem-
onstrated in figure 30 by a comparison to well-known masses from the literature. The ac-
curacy (σ value) over the full m/q range has been improved by a factor of more than two. 
This pilot experiment with mass measurement in the isochronous ESR and additional Bρ-
determination in the FRS has clearly demonstrated the future potential of IMS.  
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6 Results from Storage-Ring Mass Measurements 
6.1 Comparison of Experimental Data 
The mass accuracy achieved in recent SMS experiments is about 30 keV (standard devia-
tion for A≈200) which represents an improvement by a factor of about three compared to 
the first results [Radon et al. 2000, Novikov et al. 2002]. A comparison with mass values 
from other experiments can in principle very easily be performed for known masses tabu-
lated in the Atomic Mass Evaluation (AME) [Audi et al 1993, 1997, 2003]. A comparison for 
new measurements which have not been included in the tables yet is more difficult. How-
ever, even for just these new mass values a comparison is valuable to observe possible sys-
tematic errors of the different experiments. 
The AME is a compilation of experimental values after careful evaluation and cross check 
procedures working with the full mass network. Often the published data do not reflect 
correctly the systematic errors, even though the precision is estimated well by the statistics 
of the measured values. Therefore, a so-called flow-of- information matrix is applied to de-
tect underestimated errors and possible influences of isomeric states. An unambiguous 
identification of ground and isomeric states is often very difficult depending on the popu-
lation and excitation energy. In this respect the SMS data applying the single-particle 
method [Litvinov et al. 2005] represent a complete novelty since the measurements of sin-
gle particles solve any ambiguity for the assignment of ground and isomeric states. In the 
AME tables the atomic masses are given for neutral atoms because the majority of experi-
mental data, obtained before the in-flight experiments at high energies, have been meas-
ured for ions in low charge states, mainly singly-charged. The conversion of the measured 
values to the mass of neutral atoms requires the knowledge of the electron mass and the 
corresponding binding energies. Both are known very accurately and thus cause only a 
negligible uncertainty to the overall accuracy. The upper limit is the accuracy in the total 
electron binding energy for uranium atoms which has been estimated to be 2 keV. 
For most of the tabulated values the mean values obtained in SMS agree well within the 
accuracies quoted. In this respect, it is noteworthy that the reliability of the SMS data is 
strongly enhanced by the unique conditions that the different nuclides have been meas-
ured simultaneously in up to 4 charge states. In figure 31 a representative ensemble of our 
measured data of previously known masses has been compared. However, there are also 
cases where the measured deviations exceed 3 standard deviations. Representative exam-
ples are illustrated in figure 32 with the mass distribution obtained by applying the single-
particle method. 
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Figure 31: Measured masses with SMS [Litvinov et al. 2005] compared with other experimental 
data. The values are taken from the AME [Audi et al. 2003]. 
 
 
Figure 32: Measured masses with SMS applying the single-particle method [Litvinov et al. 2005] 
compared with the AME [Audi et al. 2003]. The shadowed areas represent the estimated errors of 
AME. For 118I (upper right panel) the measured ground state and an isomeric state are shown. 
A subset of the new SMS mass values is also covered by recent measurements at ISOL-
TRAP [Kohl 1999, ISOLTRAP 1997, 2000, 2001, 2004] and thus offers the possibility of a 
further comparison between both precision experiments and the tabulated Atomic Mass 
Evaluation as presented in figure 33. This comparison includes only ground state masses 
presented as a difference to the tabulated literature values whereby the error bars from the 
literature values are not included to concentrate here on both experimental methods, SMS 
and the results from a Penning trap system. In general, the agreement of both experimen-
tal values is excellent with χ2 = 1.12. 
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Figure 33: Comparison of 
measured SMS and ISOL-
TRAP data and the litera-
ture values of AME. In the 
upper part representative 
measured mass values are 
compared, in the lower 
panel the statistical distribu-
tion of the deviation is 
shown [Litvinov 2003, Lit-
vinov et al. 2005]. 
 
Although IMS experiments have not reached yet the accuracy and performance of SMS al-
ready the pilot experiments have shown the great advantage of this method for short-lived 
exotic nuclei. A comparison of measured IMS masses with other experiments is presented 
in figure 34. 
 
Figure 34: Comparison of measured IMS data [Geissel et al. 2001] with the 2003 AME values and 
other experiments. The IMS data are indicated by closed circles, open squares and diamonds rep-
resent the experimental data from SPEG [Chartier et al. 1998] and [Audi et al. 1997], respectively. 
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6.2 Comparison with Mass Models 
The formula of v. Weizsäcker [Weizsäcker 1935] gives a global description of nuclear 
masses in terms of nuclear charge Z, neutron number N, and mass number  A = N+Z with 
only four adjusted parameters: the volume term aV, the surface energy aS, the Coulomb 
term aC, and the asymmetry term aa. The three leading terms describe the nucleus as a 
charged liquid drop, the N-Z term accounts for the charge asymmetry, which becomes 
important for nuclei far-off stability. The δ−term includes a structure effect, the pairing 
force.  
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The liquid drop model describes global effects of bound nuclear matter quite well. It gives 
first information about the limits of nuclear stability and the energy release in nuclear fis-
sion.  The differences between experimental masses and the spherical liquid drop reveal 
nuclear structure effects, as shown in figure 35. 
 
Figure 35: Differences between experimental masses [Audi et al. 2003] and the spherical nuclear 
liquid drop formula as a function of the neutron number.   
The closed neutron shells N=28, 50, 82, and 126 and their strength can be nicely recognised 
from figure 35. It should be noted that the rms deviation of the Weizsäcker formula is only 
about 3 MeV. Modern mass models have typical rms deviations of 0.3 to 0.6 MeV.  
Accepted experimental masses are evaluated in the Audi and Wapstra Mass Tables [Audi 
et al. 2003]. There is a wealth of mass formulae available today to predict atomic masses 
for hitherto unknown regions. Most of the currently used models are global. Their pa-
rameters are fitted to nuclides over the full range of experimental masses. An excellent 
overview is given in ref. [Lunney et al. 2003]. The compilation by P. Haustein [Haustein 
1988] gives an overview on the nature, accuracy, and predictive power of some frequently 
used mass formulae. Mass formulae are generally published in form of tables and periodi-
cally updated for example in Atomic Data and Nuclear Data tables. 
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Here, we will concentrate on two types of formulae in the comparison with recent experi-
mental data. The Macrosopic–Microscopic models, a further development of the 
Weizsäcker model with the implementation of shell structure and microscopic approaches 
which are based on the solution of the Schrödinger equation with realistic nuclear interac-
tions. 
The first systematic development of the Macroscopic-Macroscopic model was made by 
Myers and Swiatecki [Myers et al. 1996]. They superimposed the shell correction obtained 
on a semi empirical basis to the liquid drop part to predict masses and fission barriers.  
Later Strutinsky put this method on a solid theoretical basis by including shell corrections 
calculated from a microscopic model [Strutinsky 1967]. In the Macroscopic-Microsopic de-
scription the total nuclear binding energy is written as [Möller et al. 1988]: 
E (Z,N,shape) = Emacr (Z,N,shape) +Emicr (Z,N,shape), (22) 
where the macroscopic part is generally normalised to the spherical liquid drop as non-
spherical shapes are generated by shell effects. The microscopic term includes the shell ef-
fect and the pairing term: 
Emicr (Z,N,shape) = Eshell (Z,N,shape)  + Epair (Z,N,shape). (23) 
For the macroscopic part several approaches are in use. The droplet model is a refinement 
of the initially used Weizsäcker liquid drop model. It allows for different radii of the neu-
tron and proton distributions and for compressibility. The currently used Finite-Range 
Droplet Model (FRDM) modifies the nuclear surface with a folding model accounting for 
the finite range of the nuclear force and the diffuseness of the charge distribution [Möller 
et al. 1995]. The FRDM is the most widely used mass formula and it is currently updated 
and improved [Möller et al. 2007a].  
The extended Thomas Fermi plus Strutinsky integral method, a semi-classical approxima-
tion to the Hartree-Fock method, is a more fundamental approach to the macroscopic part 
[Pearson et al. 1991, Aboussir et al. 1995]. The shell corrections to be added are calculated 
by using Strutinky's method. The semi-classical Thomas-Fermi (TF) approximation to the 
macroscopic part [Myers et al. 1996] yields similar results as the FRDM.  
Pure microscopic approaches describe nuclear properties in terms of the degrees of free-
dom of their microscopic constituents, the nucleons, with realistic nucleon-nucleon inter-
actions [Brueckner et al. 1958]. While the Macroscopic-Microscopic approach gives more 
precise mass values, microscopic theories describe the global physical evolution of nuclear 
structure on more fundamental grounds even into far unknown regions.  These are based 
on the Hartree-Fock (Skyrme-Hartree-Fock Hartree-Fock-Boglyubov, Hartree-Fock-BCS) 
or on the Relativistic Mean Field (RMF) theory. For a detailed description of the models 
and results we refer to reviews [Quentin et al. 1978, Vretenar et al. 2005, Bender et al. 2003]. 
Because of various parameterisations there are a number of mass formulae on the market: 
see e.g. [Pomorski et al. 1997, Bender et al. 2003]. 
Even with modern computing these calculations are very time consuming. Therefore, most 
model calculations investigate only specific structural aspects. There are only few global 
calculations of mass tables available such as the Hartree-Fock formulae HFBCS-1 [Goriely 
et al. 2001] and the improved versions of HFB-1 [Samyn et al. 2002], and HFB-2 [Goriely et 
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al. 2002] fitted to recent experimental data. There is only a mass table for even-even nuclei 
calculated with the Relativistic Mean Field method [Lalazissis et al. 1999]. An overview 
describing the theoretical techniques, input, and results is given in [Lunney et al. 2003]. 
 
Figure 36: 
Upper panel: 
Masses calculated with macrosopic-
microscopic method compared to new 
experimental values [Audi et al.1993] 
not included in [Audi et al. 1989], from 
[Möller 2007]. 
Lower panel: 
Masses calculated with the microscopic 
model HFB2 [Goriely et al. 2002] com-
pared to experimental values [Audi et 
al. 1993, 1989], from [Möller et al. 2007]. 
 
Table 2: Test of the predictive power of several frequently used mass formulas by a comparison 
with the new mass values obtained from the FRS-ESR experiments [Litvinov et al. 2005]. 
Mass Model σrms / keV number of nuclides Reference 
FRDM 1995 372 310 Möller et al. 1995 
FRLDM 1995  696 310 Möller et al. 1995 
ETFSI 2 633 310 Goriely et al. 2001 
TF  395 393 Myers et al. 1996 
RMF 3831 310 Lalazissis et al. 1999 
HFBCS 960 310 Goriely et al. 2001 
HFB (BSk1)  1062 310 Samyn et al. 2003 
HFB(BSk2) 650 310 Goriely et al. 2002 
 
Due to improvements in the models, partly possible because of increased computing 
power, the precision of the microscopic formulae has increased significantly, as shown in a 
recent comparison displayed in [Möller et al. 2007]. 
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Figure 37: Experimental masses compared to theory. The absolute values of the differences are in-
dicated, see scale in the lower figure. Upper panel: HFB(BSk1) [Samyn et al. 2002], middle panel: 
HFBCS(MSk7) [Goriely et al. 2001], lower panel: FRDM [Möller et al. 1995]. The large symbols 
mark data from FRS-ESR [Litvinov et al. 2005]. 
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Finally, it should be noted that there is a wealth of calculations beyond the scope of this 
paper to study specific aspects of nuclei such as shell models [Otsuka et al. 2001] or to 
study properties of neutron rich nuclear matter [F.Hofmann et al. 2001].  
A first criterion for the predictive power of a mass formula is the deviation between pre-
diction and experiment. 
( )∑
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 (24) 
For this test we took new masses from our ESR experiments [Litvinov et al. 2005], not in-
cluded in the Audi mass table [Audi et al. 1997].  
Table 2 shows that the Macroscopic-Microscopic approaches are more precise than the mi-
croscopic calculations. A good prediction has an average error of about 0.4 MeV for the 
new masses far-off stability. The comparison between models and experiment displayed 
in the nuclear landscape (figure 37) gives a more detailed information about strengths and 
deficiencies of mass formulae. In figure 36 the absolute value of the difference between 
calculation and experiment is displayed: the darker the colour, the larger the differences. 
The Hartree-Fock-Bogolyubov model, upper panel, [Samyn et al. 2002] clearly fails to pre-
dict the proton-dripline nuclides below lead, the Hartree-Fock-BCS calculation, middle 
panel,  [Goriely et al. 2001] has problems around the lead proton shell while the FRDM, 
lower panel, [Möller et al.1995] shows the best agreement with the new data. 
 
 
Figure 38: Test of the predic-
tive power of theoretical 
models. The deviations from 
experimental data [Litvinov 
et al. 2005] are illustrated for 
the isobaric distance to the 
valley of stability. 
 
A good test for theoretical predictions is the evolution of the predictive power into regions 
far-off stability. Figure 38 displays the deviation between experimental data and experi-
ment plotted versus the distance from the β-stability line, where Z0 is the most stable nu-
cleus in an isobaric chain [Litvinov et al. 2007]. The experimental data [Audi et al. 2003] in-
cluding our new results [Litvinov et al. 2005] are compared to the predictions of Comay-
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Kelson [Haustein 1988], Masson-Jaenecke [Haustein 1988], FRDM [Möller et al. 1995] and 
the HFB calculations BSk1 [Samyn et al. 2002], and BSk2, BSk9 , and MSk7 [Goriely et al. 
2001]. In this comparison the FRDM clearly gives the best results with an increasing error 
towards the neutron rich species whereas the HFB calculations show a strong decrease of 
the predictive power going away from stability, an observation already made in the 
evaluation from Möller (figure 39). 
 
Figure 39: Comparison of experimental masses to pre-
dictions [Geissel et al. 2006, Litvinov et al. 2007], left 
panel: A = 164 isobars, middle panel Z = 82 isotopes, 
right panel N = 82 isotones. The values are normal-
ised to the FRDM [Möller et al. 1995]. Full circles rep-
resent data from FRS-ESR [Litvinov et al. 2005]. 
 
  
 
Figure 40: Differences between calculated 
and experimental binding energies for the 
oxygen and lead isotopic chains [Lalazis-
sis et al. 2005]. 
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In more detail, a mass prediction can be studied along isobars, isotopes, or isotones, pref-
erably along shell closures, as displayed in figure 39. To go beyond the experimental data, 
the reference masses have been taken from the FRDM. The models tested are partly the 
same as discussed above, plus ETFSI [Goriely et al. 2001] and RMF [Lalazissis et al. 1999]. 
For all known masses theory and experiment agree quite well, but going into unknown 
regions the models diverge and especially the neutron-rich region is poorly predicted.  It 
should be noted that the prediction for the neutron and proton shell closures N= 82, Z = 82  
is a problem. The RMF with NL3 parameterisation shows strong deviations. Much im-
provement has been made recently with the DD-ME2 calculation of figure 40 [Lazissis et al. 
2005]. Here, the agreement is much better, although for oxygen there is still some discrep-
ancy of up to 1 MeV. Again the problem towards neutron-rich nuclides should be noted. 
A theoretical study, inspired by the data from FRS-ESR experiments on masses around the 
lead region [Novikov et al. 2002], has been performed on the persistence and strength of 
closed shells including the feature of mutually enhanced magicity, i.e. the enhancement of 
shell effects when both the neutrons and the protons are near magic numbers [Bender et 
al. 2002, Bender et al. 2005]. The new theoretical results can well explain the data. 
 
 
Figure 41: Measured isospin dependence 
of proton (upper panel) and neutron 
(lower panel) pairing-gap energies for 
even-even tungsten isotopes compared 
with nuclear models [Litvinov et al. 
2005a]. 
 
As we have seen, the exploration of large areas of the nuclear mass surface reveals struc-
ture effects such as closed shells and the evolution of the nuclear structure in general. An 
interesting problem is the odd-even staggering of nuclear binding energies, explained by 
the nuclear pairing correlations. The high precision of the data from the FRS-ESR masses 
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permits their investigation and comparison to theory, as shown in figure 41 doubly even 
tungsten Isotopes.  The proton- as well as the neutron gaps decrease systematically with 
increasing particle number. This trend is not reproduced by the predictions shown here, 
which include FRLDM [Möller et al. 1995], HF+BCS [Goriely et al. 2001], HFB(BSk2), 
HFB(BSk8), HFB(BSk9)[ Goriely et al. 2002]. 
7 Nuclear Lifetime Measurements 
7.1 Methods 
7.1.1 Neutral Atoms 
The lifetimes of atoms in their nuclear ground and excited states are fundamental proper-
ties required to understand atomic matter, its origin, and abundance in the universe.  The 
half-life t1/2 and the mean lifetime (τ) are characterised by the nuclear decay constant (λ): 
Shortly after the discovery of radioactivity the pioneers concluded that the nuclear decay 
from the ground state is a very characteristic and invariant inherent property of a nucleus. 
Motivated both by basic research and possible new application scientists have tried to 
change the decay constants by strong electromagnetic external fields, temperatures and 
pressures and many other extreme conditions achieved in ingenious experiments.  Reliable 
results of these investigations revealed very small changes on the order of ∆λ/λ≈10-3 or 
less [Emery 1972]. Thus in general, the constancy of nuclear decay rates was firmly estab-
lished. This conclusion resulted especially from studies of nuclei emitting alpha- and beta 
particles. However, it was predicted already in 1947 [Segrè 1947, Daudel et al. 1947] that 
for electron-capture decay λ is directly related to the density of atomic electrons at the site 
of the nucleus and therefore, at least for relatively light-Z nuclei the different chemical en-
vironments should cause significant modifications. The strong interest in this field has 
persisted over the years and just recently new investigations were motivated by the prob-
lem of nuclear waste handling for the heavy actinides [Rohlfs 2006, Zinner 2007].  From 
the experimental studies on screening the possibility for an enhanced alpha decay rate in 
metallic environment at low temperatures was concluded [Kettner et al. 2006]. Calcula-
tions based on quantum mechanical tunnelling demonstrate that such an effect should be 
very small. The calculated changes of the lifetimes for the examples of 210Po and 226Ra nu-
clei are negligible. Considering the influence of a variation in the electron density of alpha 
emitters it is essential to take into account both the modified tunnelling condition through 
the barrier and the change of the corresponding energy level of the alpha particle in the 
nuclear potential. Unfortunately, the latter aspect is overlooked in several publications 
[Erma 1957] which leads to strong overestimations of its influence on α-decay. These ex-
amples clearly show that possible modifications of the radioactivity are still up-to-date 
and strongly motivated. On the other hand it is obvious, that the progress in these experi-
ments is strongly linked to the application of new experimental techniques and methods to 
modify the "external" conditions of the radioactive atom. 
τ==λ
12
21/
ln
t  (25) 
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There are numerous techniques applied for measuring nuclear half-lives adapted to the 
decay mode and lifetime of the nucleus.  It can vary from 1015 years for some natural oc-
curring radioisotopes to below 10-15 s for very short-lived reaction products. Most of the 
previous experimental techniques for lifetime measurements investigate the atoms at rest 
embedded in a medium which means they are neutral or only weakly ionised during their 
radioactive disintegration. A typical example is the lifetime measurement for the alpha de-
caying heaviest elements [Münzenberg 1988, Schädel 1995]. It is measured for fusion 
products implanted in position sensitive semiconductor detectors.  The position correla-
tion and the chain of alpha particles emitted from the different radioactive generations 
(mother, daughter, granddaughter, etc.) down to known alpha emitters with previously 
measured half-life and decay energy have presented the discovery of the heaviest isotopes.  
Similar experimental methods have been applied for proton radioactivity [S.Hofmann 
1996, Woods et al. 1997, Pfützner et al. 2002, Giovinazzo et al. 2002] and short-lived nu-
clides characterised by beta decay, e.g. 100Sn decay [Schneider et al. 1994]. A remaining ex-
perimental challenge is to investigate also the decay under the condition of a high ioniza-
tion degree. The motivation for this is at least two-fold, firstly the radioactive decay of 
highly-ionised ions is of fundamental interest to observe modifications of the decay con-
stant, because in this way the electron density at the site of the nucleus can be tailored and 
strong modification of the decay characteristics including new decay modes can be dis-
covered. Secondly, most of the short-lived atoms in the universe, during the evolution of 
stars in hot plasmas, decay as highly-ionised atoms. Only since recently lifetime measure-
ments for highly-ionised atoms can be performed in the laboratory as it is outlined in the 
following chapter. 
7.1.2 Bare and Few-Electron Ions 
A new era for half-life measurements has been opened up with the application of power-
ful accelerator facilities enabling the investigation of the decay characteristics in flight. De-
pending on the nuclear production process and the range of kinetic energies the reaction 
products can emerge highly-ionised from the target. Mainly the velocity of the exotic nu-
clei determines the electronic charge-state distribution after penetration of matter (Bohr's 
velocity criterion) [Bohr 1948]. 
A quantitative illustration of the latter statement is presented in figure 8 where the re-
quired kinetic energy is given to yield fully ionised reaction products with a probability of  
80, 90, 95% (GLOBAL– Charge-state calculation) [C. Scheidenberger et al. 1998] when 
emerging from Al and Nb targets. The target thickness is assumed to exceed the thickness 
to reach charge-state equilibrium. After the production of bare and highly-ionised exotic 
nuclei it is a challenging task to apply suitable experimental methods which preserve the 
ionization state during the lifetime measurement. Hitherto, mainly two experimental sce-
narios can provide the required conditions:  
(1) Decay measurement in flight. 
(2) Storage of the bare and few-electron ions in traps and storage rings. 
In the first category the life-time under investigation has to match the flight time to the de-
tection and analyzing device. For instance, reaction products with high enough kinetic en-
ergies to emerge from the production target as few-electron ions can be investigated in 
dispersive high-resolution magnetic spectrometers. A pioneering experiment in the first 
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experimental category was performed at the ATLAS accelerator with the Enge slit-pole 
magnetic spectrograph [Phillips et al. 1989]. The goal was to investigate the nuclear decay 
via internal conversion (IC) of few-electron ions in-flight. The measurement was aimed on 
the charge-state dependence of the lifetime of the first excited state (14.4 keV) in 57Fe nuclei. 
This state decays via a strong IC branch with a total half-life of 98 ns in the neutral atom. 
The lifetime changes due to the charge-state dependence of the internal conversion were 
deduced from the measured position distributions in the dispersive focal plane of the 
spectrograph. A similar experimental technique was also applied at higher kinetic energies 
using the powerful accelerators at GANIL [Attallah et al. 1997]. A 125Te38+ beam impinged 
with a kinetic energy of 27 MeV/u on a thorium target to populate the first excited nuclear 
state (35.5 keV level) of 125Te nuclei and to achieve an atomic charge-state distribution with 
few bound electrons. The measured charge-state distribution covered the range from 44+ 
to 49+. In general, the removal of outer-shell electrons firstly diminishes the contribution 
of IC. It vanishes in the limit of bare ions and secondly increases the binding energy of the 
remaining bound electrons. A lifetime change of 400% and 670% with respect to the neu-
tral atom was found for the charge states 47+ and 48+, respectively. Interesting is the criti-
cal charge state from which onwards the K-shell binding energy exceeds the nuclear tran-
sition energy. 
In principle, such conditions can also be achieved with the combination of an exotic nu-
clear beam facility and an ion-trap system. The presently constructed trap scenario TITAN 
(TRIUMF's Ion Trap for Atomic and Nuclear science) [Delheij et al. 2006] at TRIUMF com-
bines an ISOL source for exotic nuclei with an Electron Beam Ion Trap (EBIT) and a Pen-
ning trap system.  In the EBIT highly charged ions can be produced by electron-impact 
ionization. Ions of a selected ionic charge will be extracted from the EBIT and transferred 
to the Penning traps where the nuclear decay as a function of the ionic charge could be in-
vestigated. The novelty and versatility of TITAN is assured by such a combination of dif-
ferent kinds of ion traps and the potential for experiments with bare and few-electron ions. 
Meanwhile also other trap systems are planned with the same ingredients in different 
laboratories worldwide [FAIR 2001] and one can be confident that such devices will also 
contribute to lifetime investigations of bare and few-electron ions. 
A novel experimental method for lifetime studies for bare and few-electron radioactive at-
oms represents the combination of in-flight spectrometers and storage-cooler rings [Geis-
sel et al. 1992a, Irnich et al. 1995] . The requirement for the kinetic energy regime is that up 
to the heaviest projectile fragments the condition for bare ions can be reached. This design 
goal was one strong motivation for the present high-energy facilities at GSI which have 
presented exciting lifetime measurements under conditions which are still unique world-
wide. An elegant access to short-lived nuclides via SMS is possible by the combination of 
stochastic pre-cooling and electron cooling as it is illustrated for bare 207Tl ions at 400 
MeV/u in figure 42 [Plass et al. 2006]. 
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Figure 42: Application of stochastic and electron cooling of 207Tl81+ ions illustrated by the frequency 
distribution and the corresponding momentum spread ∆p/p [Boutin 2005, Plass et al. 2006]. 
 
Figure 43: Single-particle decay spectroscopy. Nuclear electron capture decay of a single H-like 
192Pb81+ ion observed in the Schottky frequency spectrum. The selected single lead ion carries one 
electron and decays in the shown time scale after 60 s via nuclear electron capture (EC). The 
daughter ion 192Tl81+ is then observed at the frequency difference corresponding to the Q-value of 
the decay and reflects the mass in the ground state [Geissel et al. 2001a]. 
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7.2 Results from Storage-Ring Lifetime Measurements 
A unique feature for the field of lifetime studies of stored relativistic ions is that the decay 
characteristic can be measured as a function of the number of bound electrons. A new de-
cay mode for highly-ionised atoms, the beta decay into bound electron states of the daugh-
ter atom, was predicted in 1947 [Daudel et al. 1947] and elaborated in several theoretical 
publications [Takahashi et al. 1983, 1987]. However, the experimental verification was only 
possible 45 years later with the advent of the heavy-ion storage ring ESR. This decay 
branch is mainly significant in hot ionised matter and is less important for neutral atoms. 
In a pilot experiment the bound-state beta decay has been experimentally discovered [Jung 
et al. 1992] with stored bare 163Dy66+ ions. Neutral 163Dy atoms are stable, whereas bare 
163Dy66+ ions can decay into H-like 163Ho66+ via bound state beta decay. The Q-value for the 
electron capture in the K-shell is 50 keV which takes into account the difference of the elec-
tron binding energy of the mother and daughter atom.  The relation between the Q values 
of neutral atom (Qβc(neutral)) and bare atom (Qβc(bare)) is:   
where the last two terms represents the change in electron binding energies which is re-
sponsible when a stable atom becomes radioactive and decays via beta decay in bound 
states. This tiny Q-value can not be resolved by Schottky analysis, i.e. mother and daugh-
ter ions are not resolved in the frequency spectrum and thus this new decay mode could 
not be directly observed. Therefore, the daughter nuclei have been recorded after stripping 
the electron off 163Ho66+ in the internal target, an Ar gas jet of 6×1012 atoms cm-2 thickness. 
The fully ionised daughter ions left the closed storage orbits in the dispersive section fol-
lowing the internal target to be recorded in a particle detector. The measured half-life de-
duced from the number of recorded bare 163Ho67+ ions was 47 days with an error of 10%. 
The result is in good agreement with the theoretical description [Takahashi et al. 1987]. 
Furthermore, it is interesting to note that from this experimental result and the known 
half-life of the time-reversed electron capture (EC) process an upper limit for the mass of 
the electron-neutrino was estimated. With the same experimental method also the bound-
state beta decay of bare 187Re was measured in the ESR [Bosch et al. 1996]. This experiment 
contributes to possible correction of the 187Re-187Os cosmo-chronometry. The latter state-
ment refers to the change in lifetime of 187Re in hot stellar plasmas. 
Recently, for the first time bound and continuum β- decay has been directly measured in 
the laboratory. We have studied the bound-state beta decay of bare 207Tl fragments with 
two experimental scenarios, the first one [Ohtsubo et al. 2005] applying electron cooling 
and the second one combining stochastic pre-cooling and electron cooling. The latter ex-
periment had the advantage to record and to resolve also the short-lived isomeric state of 
207mTl. The success of the combination of stochastic and electron cooling is demonstrated in 
figure 42. Without both techniques it would not have been possible to measure the isomer 
of 207mTl nuclei. The decay curve of the short-lived 207mTl isomer and two frequency spec-
tra after 7 s and 13 s are presented in figure 44. The measured half-life is 1.47(32) s [Boutin 
2005].  
,...,)()( LKeecb BBneutralQbareQ +∆−= ββ , (26) 
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Figure 44: Schottky frequency spectra of the decay of 207mTl81+ fragments and the corresponding de-
cay curve [Geissel et al. 2004]. The combination of stochastic and electron cooling yields access to 
short-lived ions down to the 1 s range. 
 
 
Figure 45: First measurement of continuum-to-bound branching ratio for the β--decay of bare 207Tl 
ions [Boutin 2005, Plass et al. 2006]. The decay and growth curves for the bound-state beta decay of 
207Tl81+ are shown in the inset. The experimental decay ratio between bound-state beta decay and 
the beta emission to the continuum is shown in comparison with theoretical prediction of reference 
[Takahashi et al. 1983].  
The measured decay and growth curves and the decay branching ratio of bare, stored and 
cooled 207Tl81+ fragments are presented in figure 45. The ground and isomeric states of 
207Tl81+and the bound-state beta daughter 207Pb81+ have been recorded and resolved in the 
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same Schottky spectra as shown in the insert of figure 45. The experimental decay proper-
ties including the ratio between bound-state beta decay and the electron emission into the 
continuum of 0.161(17) [Boutin 2005] are in good agreement with the theoretical prediction 
0.146(1). The results reflect that the decay of bare heavy ions can be well understood by 
taking into account modified screening, changes of the Fermi function and Q-value. 
 
Figure 46: Lifetime experiment based on correlated single-particle measurements. The nuclear elec-
tron capture (EC) of H-like 140Pr58+ ions is correlated with the appearance of the corresponding 
daughter nucleus [Bosch et al. 2006].  The first step towards pure isomeric beams is demonstrated 
by micro-meter scrapping off one beam component.  
The decay study via Schottky analysis has like in SMS the analogue in correlated single-
particle measurements. The observation of the decay of a few mother ions and the corre-
lated appearance of the corresponding daughter nucleus allows decay studies independ-
ent of the basic assumption of strict proportionality on the measured Schottky area. An ex-
ample  of single decay measurements is illustrated in figure 43. 
Recently, electron capture decay was studied for the decay of 140Pr58+ to 140Ce58+ 
(QEC = 3388 keV). [Litvinov et al. 2007]. This nuclide decays in the neutral state to 99.4% to 
the ground state [Nica 2007] via EC and β+. For the first time the EC decay of H-like and 
He-like nuclei has been measured [Geissel et al. 2006a, Litvinov et al. 2007]. The 140Pr58+,57+ 
ions were produced via fragmentation of 152Sm projectiles, spatially separated, and in-
jected to the ESR at 400 MeV/u. Note, in former times, only indirect methods could be ap-
plied to observe the EC decay branch including X-ray emission as an indicator of preced-
ing electron capture from the K-shell [Campbell 1977]. 
The striking result of this experiment is that the measured electron capture decay constant 
of hydrogen-like 140Pr58+ ions is about 50% larger than that of helium-like 140Pr57+ ions. 
Note that the β+ decay constant is only changed by 3% due to modified Q-value, Fermi 
function and screening for bare ions compared to neutral 140Pr atoms. Moreover, 140Pr ions 
with one bound electron decay faster in the EC branch than neutral 140Pr atoms with 59 
electrons. The experimental results can only be explained if the hyperfine interaction be-
tween the spins of the one K electron and the nucleus plus the angular momentum conser-
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vation is taken into account. In this way, the experimental observation can be related to the 
theoretical prediction of reference [Folan 1995] and can be fully explained by the new the-
ory of [Patyk et al. 2007]. The basic experimental results have demonstrated that the hy-
perfine correlation has to be included into the standard EC theory for H-like atoms.  
8 Future 
The progress in experimental developments for precision mass spectrometry and lifetime 
studies has been tremendous. The classical sector field mass spectrometers have been re-
placed by a new generation of instruments, primarily based on storage techniques: Ion 
traps and heavy-ion storage rings. The key to this progress is the application of non-
Liouvillean optics [Geissel et al. 1989]. The classical instruments use beams from ion 
sources for high resolution measurements. Loiuville's theorem requires large–size deflec-
tion fields for highest resolution. Traps and rings circumvent this requirement and instead 
involve beam manipulation such as cooling which is a non-Liouvillean process. In this 
way the phase space of the beam is reduced - an important requirement for high-
resolution experiments. An exception is the IMS mass measurement at the ESR. Here, the 
ion-optical conditions force that the revolution time is independent of the velocity spread. 
This is the way to access short-lived species where the cooling time would be too long. 
Like SMS, IMS also has the ultimate sensitivity, down to single ions.  From these consid-
erations an important line of future developments is evident: the development of fast and 
efficient catcher devices, injection, and cooling techniques for traps and storage rings. This 
development has to be supported by sensitive and fast detectors and a high-rate capability 
of the data acquisition system.  
The presently explored region of the nuclear chart is large and has grown fast in   recent 
years. Nevertheless, the most interesting regions have not been reached yet. These are the 
extremely neutron rich nuclides far-off stability including the neutron drip-line in the re-
gion of light nuclei. Here, we can learn about the transition of nuclear matter from bound 
to unbound states with a strong involvement of the continuum. Interesting new phenom-
ena have already been discovered in the first experiments of that kind; to mention just the 
discoveries of neutron and proton halos [Tanihata et al. 1985, Schwab et al. 1995]. The na-
ture and evolution of nuclear shells is not yet well understood. The observation of the dis-
appearance and appearance of closed shells far–off stability is a much discussed and a 
burning question in this context.  In the region of the heaviest elements the quest for the 
existence of a closed shell above lead in the region of super-heavy nuclei still exists. The 
astrophysical r-process path has only barely touched by the present experiments. The pro-
gress in the neuron-rich region near lead is very poor. For all these cases the limitation is 
the availability of the exotic nuclear species. 
The instrumentation, both the ion traps and the ion storage rings, are sensitive to single 
atoms. The efficient transport of the exotic nuclear species still needs further improve-
ments for ion traps at ISOL systems and ion catchers or the injection into storage rings at 
in-flight facilities. Most urgent is the need for higher beam intensities. Therefore, a new 
generation of rare-isotope facilities has been proposed [NuPECC 2000]. At RIKEN an up-
graded Japanese next-generation facility is being commissioned in RIKEN [RIKEN 2003]. 
ISAC-II is a Canadian ISOL facility [ISAC2 2005]. Spiral2 [Spiral2 2007], the new ISOL fa-
cility at GANIL, France, will come in the near future. NUSTAR at FAIR [FAIR 2001], an in-
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ternational in-flight facility with an extended storage-ring system at GSI, Germany, is 
starting now. EURISOL [EURISOL] as all-European project will be an ISOL facility and 
RIA [RIA] in the USA will be both an ISOL and an In-flight facility of the next generation. 
All ISOL facilities will have their own and special Penning ion-trap system of highest reso-
lution. Only the GSI facility will have a storage-ring system for stable and unstable nuclei. 
AT IMP Lanzhou, China, a storage-ring with electron cooling is being commissioned soon 
[Lanzhou 2007]. The MUSES storage-ring project at RIKEN is pending [Katayama et al. 
1997].  
 
Figure 47: Chart of nuclides with presently known masses (light grey or light blue). New regions to 
be explored with NUSTAR at FAIR are marked in dark grey or red. 
The main improvements for NUSTAR [NUSTAR 2007] at FAIR are a new driver double-
ring heavy ion synchrotron SIS100-SIS300, which will accelerate ions up to uranium with 
maximum intensities of 1012 s-1, a SUPERconducting FRagment Separator Super-FRS with 
large acceptance and improved separation [Geissel et al. 2003], and a system of storage 
rings (see figure 47) comprising the New Experimental Storage Ring NESR, the Collector 
Ring CR, and the Recycled Experimental Storage Ring RESR. The RESR is a transfer and a 
deceleration ring to provide the optimum fragment beam energies for experiments in the 
NESR after in-flight separation in the Super-FRS and pre-cooling and in the CR. In the new 
ring system beam collection, energy matching, and experiments are separated for more ef-
ficient and optimised operation. This makes the new ring complex an ideal tool for reac-
tion studies at an internal gas target or in combination with a small electron collider ER 
[NUSTAR 2007]. Thus the exotic nuclei can be investigated with new probes which are 
presently not applied. The new region of masses which can be accessed with such a next 
generation facility is illustrated in figure 48 on the example of NUSTAR at FAIR. 
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Figure 48: The future storage ring complex at FAIR with maximum magnetic bending power of 
13 Tm. A single short bunch of exotic nuclei with a length of 50 ns is injected to the large accep-
tance collector ring CR and stochastically pre-cooled. After beam transfer to the RESR and, if nec-
essary, deceleration, the beam is finally transferred to the NESR, where electron cooling (EC) is 
applied and precision experiments with exotic beams in the energy range 30-740 MeV/u can be 
performed: SMS, nuclear reaction physics using an internal gas target (IT), or atomic spectroscopy 
applying an electron target (ET). In addition, an interaction section for investigations of electron-
ion collisions (ELISE: charge radii and distributions) or antiproton-ion collision (AIC proton and 
neutron radii) is foreseen. The small ring at this section shall be designed for 100-500 MeV elec-
trons and 30-100 MeV antiprotons. The lay-out of the ER and the structure of the interaction region 
is in progress. The beam line on the right side by-passing the CR-RESR complex can be used for 
stable beams from SIS18 or for secondary beams from the Super-FRS. 
The next generation mass and decay measurements will be carried out in the framework 
of the ILIMA Isomeric beams, LIfetimes, and MAsses project [ILIMA 2006] at the FAIR 
storage rings. IMS will be performed at the CR where the experimental conditions are im-
proved by several orders of magnitude due to higher intensity of primary beams and also 
the substantial increase of the phase space acceptance compared to the present FRS-ESR 
complex. Similar improvements are envisaged also for SMS in the NESR. A new ion trap 
system will be installed in the framework of the MATS [MATS 2006] proposal at the low-
energy branch of the Super-FRS.  
A clear goal of the NUSTAR programme is to cover the astrophysical r-and rp-processes 
paths, to collect first information about changes of nuclear structure at the limits of nuclear 
stability, and to provide pure isomeric beams for investigation and reaction studies. 
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In conclusion, we have shown that mass spectrometry and unique lifetime measurements 
with bare and few-electron exotic nuclei have made large progress in the recent years. A 
new generation of accelerators in combination with rare-isotope facilities which involve 
trapping and storage led to a fast extension of the present knowledge of basic nuclear 
properties. The new facilities going into operation or planned will lead us to new, still 
more interesting regions far off the nuclear stability line and thus will contribute to a bet-
ter understanding of nature and structure of nuclear matter. Mass and lifetime measure-
ments in storage rings with the capability to map large areas of the nuclear chart will cer-
tainly play a key role in the future too.  
Acknowledgements 
The authors acknowledge valuable discussions and permanent support by F. Bosch, 
M. Hausmann, C. Kozhuharov, F. Nolden, W.R. Plass, T. Radon, C. Scheidenberger, 
M. Steck, H. Weick, J. Winfield, and H. Wollnik and the FRS-ESR experimental group. For 
extensive discussions and making available new results and valuable material we thank 
Yu. Litvinov. We are indebted to our theoretical colleagues M. Bender, H. Lenske, P. 
Möller, and P. Ring for fruitful communications on recent developments of mass models. 
We thank E. Pfeng for his skilful assistance in preparing some of the figures.  
 61
References 
[Aboussir et al. 1995] Y. Aboussir, J. M. Pearson, A. K. Dutta, and F. Tondeur, Nuclear mass 
formula via an approximation to the Hartree-Fock method, Atomic Data and Nuclear 
Data Tables, 61(1995)127 
[Angert et al. 1990] N. Angert, W. Bourgeois, H. Emig, B. Franzke, B. Langenbeck, K.D. 
Leible, T. Odenweller, H. Poth, H. Schulte, P. Spädtke and B.H. Wolf, The 320 keV 
ESR electron cooler, Proc of  2nd Europ. Part. Acc. Conf. EPAC1990, Nice, ed. P. Marin 
and P. Mandrillon, Edition Frontieres, Gif-sur-Yvette, 1990, p. 1374 
see  http://cern.ch/AccelConf/e90/PDF/EPAC1990_1374.PDF 
[Aston 1927] F. W. Aston, A new mass spectrograph and the whole-number rule (Bakerian-
Lecture), Proc. Royal Society, A 115 (1927) 487. 
[Aston 1933] F. W. Aston, Mass spectra and isotopes, Ewald Arnold & Co, London 1933. 
[Attallah et al. 1997] F. Attallah, M. Aiche, J. F. Chemin, J. N. Scheurer, W. E. Meyerhof, J. 
R. Grandin, P. Aguer, G. Bogaert, C. Grunberg, J. Kiener, A. Lefebvre, and J. P. Thi-
baud, Ionic charge dependence of the internal conversion coefficient and nuclear lifetime of 
the first excited state in 125T, Phys. Rev. C55 (1997) 1665. 
[Audi et al. 1989]  G. Audi, Midstream atomic mass evaluation, private communication to 
P. Möller. 
[Audi et al. 1993] G. Audi and A.H. Wapstra, The 1993 atomic mass evaluation, Nucl. Phys. 
A 565 (1993) l 
[Audi et al. 1997] G. Audi, O. Bersillon, J. Blachot, A.H. Wapstra, The NUBASE evaluation of 
nuclear and decay properties, Nucl. Phys. A624 (1997) 1-124. 
[Audi et al. 2003] G. Audi, A. H. Wapstra, and C. Thibault, The AME2003 Atomic Mass 
Evaluation, Nucl. Phys. A 729 (2003) 1-676. 
[Auger et al. 1994] G. Auger, W. Mittig, A. Lépine-Szily, L. K. Fifield, M. Bajard, E. Baron, 
D. Bibet, P. Bricault, J. M. Casandjian, M. Chabert, M. Chartier, J. Ferme,L. Goudart, 
A. Gillibert, M. Lewitowicz, M. H. Moscatello, N. A. Orr, E. Plagnol, C. Ricault, A. 
C. C. Villari, and Yang Yong Feng, A cyclotron as a high resolution mass spectrometer 
for fast secondary ions, Nucl. Instruments and Methods in Physics Research A350 
(1994) 235. 
[Barillari et al. 2003]D. K. Barillari, J. V. Vaz, R. C. Barber, and K. S. Sharma, Atomic mass 
determinations for 183W and 199Hg and the mercury problem, Phys. Rev. C67 (2003) 
064316. 
[Barth et al. 2000] W. Barth, P. Forck, J. Glatz, W. Gutowski, G. Hutter, J. Klabunde, R. 
Schwedhelm, P. Strehl, W. Vinzenz, D. Wilms, and U. Ratzinger, Commissioning of 
IH-RFQ and IH-DTL for the GSI High Current Linac, Proc. of 2000 Lin. Accel.  Conf. 
LINAC00, Monterey, CA, 2000 (Ed. A W. Chao) p. 229,  
see http://cern.ch/AccelConf/l00/papers/MOD11.pdf. 
 [Bender et al. 2002] M. Bender, T. Cornelius, G.A. Lalazissis, J.A. Maruhn, W. Nazarewicz, 
and P.-G. Reinhard, The Z=82 shell closure in neutron-deficient Pb isotopes, Eur. Pys. J. 
A14 (2002) 23. 
[Bender et al. 2003] M. Bender, P.-H. Heenen, and P. G. Reinhard, Self-consistent mean-field 
models for nuclear structure, Rev. Mod. Phys. 75(2003) 121. 
[Bender et al. 2005] M. Bender, G.F. Bertsch, and P.-H. Heenen, Systematics of Quadrupolar 
Correlation Energies, Phys. Rev. Letters 94 (2005) 102503. 
 62
[Bernas et al. 1994] M. Bernas, S. Czajkowski, R Armbruster, H. Geissel, Ph. Dessagne, C. 
Donzaud, H-R. Faust, E. Hanelt, A. Heinz, M. Hesse, C. Kozhuharov, Ch. Miehe, 
G. Münzenberg, M. Pfützner, C. Röhl, K.-H. Schmidt, W. Schwab, C. Stéphan, 
K. Sümmerer, L. Tassan-Got, B. Voss, Projectile fission at relativistic velocities: a novel 
and powerful source of neutron-rich isotopes well suited for in-flight isotopic separation, 
Phys. Letters B 331 (1994) 1924. 
[Bethe et al. 1936] H. A. Bethe und R. F. Bacher, Nuclear Physics A. Stationary States of Nuclei, 
Rev. Mod. Phys. 8 (1936) 82. 
[Bianchi et al. 1989] L. Bianchi, B. Fernandez, J. Gastebois, A. Gillibert, W. Mittig, 
J. Barrette, SPEG: An energy loss spectrometer for GANIL, Nucl. Instr. and Meth. A276 
(1989) 509.  
[Blasche et al. 1985] K. Blasche, D. Böhne, B. Franzke, and H. Prange, The SIS Heavy Ion 
Synchrotron Project, Proc. 1985 Part. Acc. Conf., Vancouver, BC, IEEE Trans. on Nucl. 
Sci. NS-32 Vol.5 (1985) 2657.  
see http://accelconf.web.cern.ch/AccelConf/index.html 
[Blaum 2006] K. Blaum, High-accuracy mass spectrometry with stored ions, Phys. Reports 425 
(2006) 1. 
[Bleuler et al. 1967] Bleuler, Beiner, and  de Tourell, Nuovo Cimento B45 (1967) 2.   
[Block et al. 2005] M. Block, D. Ackermann, D. Beck, K. Blaum, M. Breitenfeldt, A. 
Chauduri, A. Doemer, S. Eliseev, D. Habs, S. Heinz, F. Herfurth , FP. Hessberger, S. 
Hofmann, H. Geissel, HJ. Kluge, V. Kolhinen, G. Marx, JB Neumayr, M. Mukherjee, 
M. Petrick, W. Plass , W. Quint, S. Rahaman, C. Rauth, D. Rodriguez, C. 
Scheidenberger, L. Schweikhard, M. Suhonen, PG. Thirolf, Z. Wang, and C. Weber, 
The ion-trap facility SHIPTRAP - Status and perspectives, Eur. Phys. J. A25 (2005) 49. 
[Bohr 1948] N. Bohr, The penetration of atomic particles through matter, Kgl. Dan. Mat. Fys. 
Medd. 18,8 (1948). 
[Bollen et al. 1992] G. Bollen, H.-J. Kluge, M. König, T. Otto, G. Savard, H. Stolzenberg, 
R.B. Moore, G. Rouleau, G. Audi, and ISOLDE Collaboration, Resolution of nuclear 
ground and isomeric states by a Penning trap mass spectrometer, Phys. Rev. C46 (1992) 
R2140. 
[Bollen et al. 1996] G. Bollen et al. Nucl. Instr. and Meth. A 368 (1996) 675. 
[Bollen 2001] G. Bollen, Mass measurements of short-lived nuclides with ion traps, Nucl. Phys. 
A693 (2001) 3. 
[Bollen et al. 2004]  G. Bollen, S. Schwarz, D. Davies, P. Lofy, D.J. Morrissey, R. Ringle, P. 
Schury, T. Sun, and L. Weissman, Towards precision experiments with LEBIT at 
NSCL/MSU, Nucl. Phys. A746 (2004) 597. 
[Borer et al. 1974] J. Borer, P. Bramham, H.G. Hereward, K. Hübner, W. Schnell, and 
L. Thorndahl, Non-Destructive Diagnostics of Coasting Beams with Schottky Noise, Proc. 
IX Intern. Conf. High Energy Accel., SLAC, May 1974. 
[Bosch et al. 1996] F. Bosch, T. Faestermann, J. Friese, F. Hein, P. Keene, E. Wafers, 
K. Zeitelhack, K. Beckert, B. Franzke, O. Klepper, C. Kozhuharov, G. Menzel, 
R. Moshammer, F. Nolden, H. Reich, B. Schlitt, M. Steck, T. Stöhlker, T. Winkler, 
and K. Takahashi, Observation of Bound-State β- Decay of Fully Ionized 187Re: 187Re-187Os 
Cosmochronometry, Phys. Rev. Letters 77 (1996) 5190. 
[Bosch 2004] F. Bosch, Measurement of mass and beta lifetime of stored exotic nuclei, Lecture 
Notes in Phys. 651 (2004) 137.  
 63
[Bosch et al. 2006] F. Bosch, H. Geissel, Yu.A. Litvinov, K. Beckert, B. Franzke, M. Haus-
mann, Th. Kerscher, O. Klepper, C. Kozhuharov, K.E.G. Löbner, G. Münzenberg, F. 
Nolden, Yu.N. Novikov, Z. Patyk, T. Radon, C. Scheidenberger, M. Steck, H. Woll-
nik, Experiments with Stored Exotic Nuclei at Relativistic Energies, Int. J. of Mass Spectr. 
251 (2006) 212. 
[Boutin 2005] David Boutin  First Direct Observation of Bound-State Beta-Decay: Measurements 
of Branching and Lifetime of 207Tl81+ Fragments, PhD thesis, Justus-Liebig-Universität 
Giessen, 2003 and GSI-Report, Diss. 2005-10 (2005). 
[Brueckner et al. 1958] K. A.Brueckner and J. L. Gammel, Properties of nuclear matter, Phys. 
Rev. 109 (1958) 1023. 
[Brown et al. 1986] L.S. Brown and G. Gabrielse, Geonium Theory: Physics of a Single Electron 
or Ion in a Penning Trap, Rev. Mod. Phys. 58 (1986) 233. 
[Budker 1966] G. I. Budker, Status Report of Works on Storage Rings at Novosibirsk, Proc. Int. 
Symposium. on Electron and Positron Storage Rings, Saclay (1966) 11-1-1 
[Budker et al. 1975] G.I. Budker, Ya.S. Derbenev, N.S. Dikansky, V.I. Kudelainen, I.M. 
Meshkov, V.V. Parkhomchuk, O.V. Pestrikov, B.N. Sukhina, A.N. Skrinsky, Experi-
ments on Electron Cooling, IEEE Transact. on Nucl. Sci. NS22, (1975) 2093.  
[Campbell 1977] M. Campbell, K. W. D. Ledingham, and A. D. Baillie, The PK/Pβ+ ratio for 
the allowed decay of 140Pr: Further confirmation of a disagreement between experiment and 
theory? Nucl. Phys. A283 (1977) 413. 
[Chartier et al. 1998] M. Chartier, W. Mittig, N.A. Orr, J.-C. Ang61ique, G. Audi, J.-
M. Casandjian, A. Cunsolo, C. Donzaud, A. Foti, A. Lepine-Szily, M. Lewitowicz, 
S. Lukyanov, M. Mac Cormick, D.J. Morrissey, A.N. Ostrowski, B.M. Sherrill, 
C. Stephan, T. Suomijärvi, L. Tassan-Got, D.J. Vieira, A.C.C. Villari, J.M. Wouters, 
The masses of 70,71Se, Nucl. Phys. A637 (1998) 3 
[Coc et al. 1988] A. Coc, R. Le Gac, M. de Saint Simon, C. Thibault, and F. Touchard, Theo-
retical Resolving Power of a Radiofrequency Mass Spectrometer, Nucl. Instr. and Meth. 
A271 (1988) 512. 
[Courant et al. 1952] E.D. Courant, M.S. Livingston, and H.S. Snyder, The Strong-Focusing 
Synchroton—A New High Energy Accelerator, Phys. Rev. 88 (1952)1190. 
[Daudel et al. 1947] R. Daudel, P. Benoist, R. Jacques, and M. Jean, Compt. Rend. Acad. 
Sci. 224 (1947) 1427. 
[Dehmelt et al. 1978] H. G. Dehmelt, P. B. Schwinberg and R. S. Van Dyck, Proposed scheme 
to catch positrons in a Penning trap, Int. J. of Mass Spectr. and Ion Phys. 26 (1978) 107. 
[Delheij et al. 2006] P. Delheij, L. Blomeley, M. Froese, G. Gwinner, V. Ryjkov, M. Smith, 
and J. Dilling, The TITAN Mass Measurement Facility at TRIUMF-ISAC, Hyperfine In-
teractions 173 (2006) 123. 
[Dobaczewski et al. 1984] J. Dobaczewski, H. Flocard, and J. Treiner, Hartree-Fock- Bo-
golubov description of nuclei near the neutron-drip line, Nucl. Phys. A422 (1984) 103. 
[EMIS 1996] Proc. of 13th Int. Conf. on Electromagnetic Separators, and Techniques related to their 
Applications EMIS-13 (Eds. G. Münzenberg, H. Geissel, C. Scheidenberger) Nucl. 
Instr. and Meth. B126. 
[EMIS 2003] Proc. of 14th International Conference on Electromagnetic Isotope Separators and 
Techniques Related to their Applications EMIS-14 (Eds. J. M. D'Auria, J. Thomson, M. 
Comyn) Nucl. Instr. and Meth. B204 (2003). 
[EMIS 2007] Proc. of EMIS-15, to be published in the same Journal (2007). 
 64
[Emery 1972]  G.T. Emery, Perturbation of Nuclear Decay Rates, Ann. Rev. Nucl. Sci. 22 
(1972) 165. 
[Erma 1957] V. A.  Erma, Electron effects on barrier penetration, Phys. Rev. 105 (1957) 1784. 
[EURISOL] EURISOL homepage: http://www.ganil.fr/eurisol/. 
[Everling et al. 1960] F. Everling, L. A. König,  J. H. E. Mattauch,  and A. H. Wapstra, Rela-
tive nuclidic masses, Nucl. Phys. 18 (1960) 529. 
[Ewald et al. 1953] H. Ewald und H. Hintenberger, Methoden und Anwendungen der Massen-
spektroskopie, Verlag Chemie, Weinheim, 1953. 
[FAIR 2001] An international accelerator facility for beams of ions and antiprotons, Conceptual 
Design Report, GSI Darmstadt, 2001, see http://www.gsi.de/GSI-Future/CDR/ and 
FAIR Baseline Technical Report, GSI Darmstadt, Sept. 2006, see 
http://www.gsi.de/fair/reports/btr.html 
[Fauerbach 1992] M. Fauerbach, Untersuchungen zur Projektilfragmentation relativistischer 
Schwerionen anhand eines Kaskadenmodells, Diploma thesis, TU Darmstadt (1992).  
[FGM 1987] B. Franzke, H. Geissel, and G. Münzenberg, Experiment proposal for the SIS-
FRS-ESR facilities, 1987, unpublished. 
[Folan 1995] L. M. Folan, V. I. Tsifrinovich, Effects of the hyperfine interaction on orbital elec-
tron capture, Phys. Rev. Letters 74 (1995) 499. 
[Franzke 1987] B. Franzke, The heavy Ion Storage and Cooler Ring Project at GSI, Nucl. Instr. 
and Meth. B 24/25 (1987) 18. 
[Franzke et al. 1995] B. Franzke, K. Beckert, H. Eickhoff, F. Nolden, H. Reich, U. Schaaf, 
B. Schlitt, A. Schwinn, M. Steck, T. Winkler, Schottky Mass Spectrometry at the Ex-
perimental Storage Ring ESR, Physica Scripta T 59 (1995) 176 
[Franzke et al. 1998] B. Franzke, K. Beckert, H. Eickhoff, F. Nolden, H. Reich, B. Schlitt, A. 
Schwinn, M. Steck, Th. Winkler, Performance of Schottky Mass Spectrometry at the ESR, 
Proc. 6th Europ. Part. Accel. Conf. EPAC98, Stockholm 1998 (eds. J. Poole and 
Ch. Ch. Petit-Jean-Genaz), p. 256, see 
http://accelconf.web.cern.ch/AccelConf/index.html. 
[Gaelens et al. 2003] M. Gaelens, M. Cogneau, M. Loiselet and G. Ryckewaer, Post-
acceleration of 7Be at the Louvain-la-Neuve radioactive ion beam facility, Nucl. Instr. and 
Meth. B204 (2003) 48. 
[Gamow 1930] G. Gamow, Mass Defect Curve and Nuclear Constitution, Proc. Royal Society 
A 126 (1930) 632. 
[Gaimard et al. 1991] J.-J Gaimard and K.-H. Schmidt, A re-examination of the abrasion-
ablation model for the description of the nuclear fragmentation reaction, Nucl. Phys. A 531 
(1991) 709.  
[Geissel et al. 1989] H. Geissel, Th. Schwab, P. Armbruster, J. P. Dufour, E. Hanelt, 
K. H. Schmidt, B. Sherrill, and G. Münzenberg, Ions Penetrating Through Ion-Optical 
Systems and Matter — Non-Liouvillian Phase-Space Modelling, Nucl. Instr. and Meth. 
A 282 (1989) 247.  
[Geissel et al. 1992] H. Geissel, P. Armbruster, K.H. Behr, A. Brünle, K. Burkard, M. Chen, 
H. Folger, B. Franczak, H. Keller, O. Klepper, B. Langenbeck, F. Nickel, E. Pfeng, 
M. Pfützner, E. Roeckl, K. Rykaczewski, I. Schall, D. Schardt, C. Scheidenberger, 
K. H. Schmidt, A. Schröter, T. Schwab, K. Sümmerer, M. Weber, G. Münzenberg, 
T. Brohm, H.-G. Clerc, M. Fauerbach, J.-J. Gaimard, A. Grewe, E. Hanelt, B. 
Knödler, M. Steiner, B. Voss, J. Weckenmann, C. Ziegler, A. Magel, H. Wollnik, J.P. 
 65
Dufour, Y. Fujita,  D.J. Vieira,  B. Sherrill, The GSI projectile fragment separator (FRS) : 
a versatile magnetic system for relativistic heavy ions, Nucl. Instr. and Meth. B70 (1992) 
286. 
[Geissel et al. 1992a] H. Geissel, K. Beckert, F. Bosch, H. Eickhoff, B. Franczak, B. Franzke, 
M. Jung, O. Klepper, A. Magel R. Moshammer, G. Münzenberg, F. Nickel, F. Nol-
den, U. Schaaf, C. Scheidenberger, P. Spädtke, M. Steck, and K. Sümmerer First stor-
age and cooling of secondary heavy-ion beams at relativistic energies Phys. Rev. Lett. 68 
(1992) 3412. 
[Geissel et al. 1995] H Geissel, G Münzenberg, and K Riisager, Secondary Exotic Nuclear 
Beams, Ann. Rev. Nucl. Part. Sci 45 (1995) 163 
[Geissel et al. 1997] H. Geissel, G. Bollen, B. Franzke, G. Münzenberg, and Z. Patyk, Preci-
sion experiments with exotic nuclei, Nucl. Instr. and Meth. B 126 (1997) 351. 
[Geissel et al. 2001] H.Geissel, F. Attallah, K. Beckert, F. Bosch, M. Falch, B. Franzke, M. 
Hausmann, Th. Kerscher, O. Klepper, H.-J. Kluge, C. Kozhuharov, Yu. Litvinov, 
K.E.G. Löbner, G. Münzenberg, N. Nankov, F. Nolden, Yu. Novikov, T. Ohtsubo, Z. 
Patyk, T. Radon, C. Scheidenberger, J. Stadlmann, M. Steck, K. Sümmerer, H. Weick, 
H. Wollnik, Progress in Mass Measurements of Stored Exotic Nuclei at Relativistic Ener-
gies, Nucl. Phys. A685 (2001) 115c. 
[Geissel et al. 2001a] [H.Geissel, H.Wollnik, Mass Measurements of Stored Exotic Nuclei, Nucl. 
Phys. A693 (2001) 19. 
[Geissel et al. 2003] H. Geissel, H. Weick, M. Winkler, G. Münzenberg, V. Chichkine, 
M. Yavor, T. Aumann, K. H. Behr, M. Böhmer, A. Brünle, K. Burkard, J. Benlliure, 
D. Cortina-Gil, L. Chulkov, A. Dael, J. -E. Ducret, H. Emling, B. Franczak, J. Friese, 
B. Gastineau, J. Gerl, R. Gernhäuser, M. Hellström, B. Jonson, J. Kojouharova, 
R. Kulessa, B. Kindler, N. Kurz, B. Lommel, W. Mittig, G. Moritz, C. Mühle, 
J. A. Nolen, G. Nyman, P. Roussell-Chomaz, C. Scheidenberger, K. -H. Schmidt, 
G. Schrieder, B. M.  Sherrill, H. Simon, K. Sümmerer, N. A. Tahir, V. Vysotsky, H. 
Wollnik, and A. F. Zeller, The Super-FRS project at GSI, Nucl. Instr. and Meth. B 204 
(2003) 71. 
[Geissel et al. 2004] H. Geissel, Yu.A. Litvinov, F. Attallah, K. Beckert, P. Beller, F. Bosch, D. 
Boutin, T. Faestermann, M. Falch, B. Franzke, M. Hausmann, M. Hellström, E. Kaza, 
Th. Kerscher, O. Klepper, H.-J. Kluge, C. Kozhuharov, K.-L.Kratz, S.A.Litvinov, 
K.E.G. Löbner, L. Maier, M. Matos, G. Münzenberg, F. Nolden, Yu.N. Novikov, T. 
Ohtsubo, A. Ostrowski, Z. Patyk, B. Pfeiffer, M. Portillo, T. Radon, C. Scheidenber-
ger, V. Shishkin, J. Stadlmann, M. Steck, D.J. Vieira, H. Weick, M. Winkler, H. Woll-
nik, and T. Yamaguchi, New Results with Stored Exotic Nuclei at Relativistic Energies, 
Nucl. Phys. A746 (2004) 150c. 
[Geissel et al. 2006] H. Geissel, R. Knöbel, Yu.A. Litvinov, B. Sun, K. Beckert, P. Beller, F. 
Bosch, D. Boutin, C. Brandau, L. Chen, B. Fabian, M. Hausmann, C. Kozhuharov, J. 
Kurcewicz, S.A. Litvinov, M. Mazzocco, F. Montes, G. Münzenberg, A. Musumarra, 
C. Nociforo, F. Nolden, W.R. Plass, C. Scheidenberger, M. Steck, H. Weick, M. 
Winkler, A New Experimental Approach for Isochronous Mass Measurements of Short-
Lived Exotic Nuclei with the FRS-ESR Facility, Hyperfine Interactions 173 (2006) 49. 
[Geissel et al. 2006a] H. Geissel, Yu. A. Litvinov, K. Beckert, P. Beller, F. Bosch, D. Boutin, 
C. Brandau, L. Chen, M. Hausmann, O. Klepper, R. Knöbel, C. Kozhuharov, J. Kur-
cewicz, S. A. Litvinov, M. Mazocco, G. Münzenberg, C. Nociforo, F. Nolden, 
 66
Z. Patyk, M. Pfützner, W. Plaß, C. Scheidenberger, M. Steck, B. Sun, K. Takahashi, 
H. Weick, N. Winckler, and M. Winkler, Present and future experiments with stored ex-
otic nuclei at the FRS-ESR facility, Europhys. J. A, in press. 
[Geissel et al. 2006b] H.Geissel, Yu.A.Litvinov, B.Pfeiffer, F.Attallah, G.Audi, K.Beckert, 
P.Beller, F.Bosch, D.Boutin, T.J.Bürvenich, L.Chen, T.Faestermann, M.Falch, 
B.Franzke, M.Hausmann, E.Kaza, Th.Kerscher, P.Kienle, O.Klepper, R.Knöbel, 
C.Kozhuharov, K.-L.Kratz, S.A.Litvinov, K.E.G.Löbner, L.Maier, M.Matos, 
F.Montes, G.Münzenberg, C.Nociforo, F.Nolden, Y.N.Novikov, T.Ohtsubo, 
A.Ostrowski, Z.Patyk, W.Plass, M.Portillo, T.Radon, H.Schatz, C.Scheidenberger, 
J.Stadlmann, M.Steck, B.Sun, K.Takahashi, G.Vorobjev, H.Weick, M.Winkler, 
H.Wollnik, T.Yamaguchi, Present and Future Experiments with Stored Exotic Nuclei at 
Relativistic Energies, Proceedings, 1st International Conference on Frontiers in Nu-
clear Structure, Astrophysics, and Reactions FINUSTAR, Kos, Greece, 12-17 Sep-
tember 2005. S.V.Harissopulos, P.Demetriou, R.Julin (Eds.) AIP Conference Pro-
ceedings 831 (2006) 108. 
[Giovinazzo et al. 2002] J. Giovinazzo, B. Blank, M. Chartier, S. Czajkowski, A. Fleury, M. J. 
Lopez Jimenez, M. S. Pravikoff, J.-C. Thomas, F. de Oliveira Santos, M. Lewitowicz, 
V. Maslov, M. Stanoiu, R. Grzywacz, M. Pfützner,  C. Borcea, B. A. Brown, Two-
Proton Radioactivity of 45Fe, Phys. Rev. Letters 89 (2002) 102501. 
[Goeppert Mayer 1950] M. Goeppert Mayer, Nuclear configurations in the Spin-Orbit Cou-
pling Model, Phys. Rev. 78 (1950) 16-23. 
[Goldhaber 1974] A. S. Goldhaber, Statistical models of fragmentation processes, Phys. Letters 
B 53 (1974) 306. 
[Goriely et al. 2001] S. Goriely, F. Tondeur, and J. M. Pearsson, A Hartree-Fock nuclear mass 
table, Atomic Data and Nucl. Data Tables 77 (2001) 311. 
[Goriely et al. 2002] S. Goriely, M. Samyn, P.–H. Heenen, J.M. Pearsson, and F. Tondeur, 
Formulas and extrapolation to new mass data, Phys. Rev. C66 (2002) 024326, 
see http://www-astro.ulb.ac.be . 
[Habs et al. 2003] D. Habs, M. Groß, W. Assmann, F. Ames, H. Bongers, S. Emhofer, S. 
Heinz, S. Henry, O. Kester, J. Neumayr, F. Ospald, P. Reiter, T. Sieber, J. Szerypo, P. 
G. Thirolf, V. Varentsov, T. Wilfart, T. Faestermann, R. Krücken and P. Maier-
Komor, The Munich accelerator for fission fragments MAFF, Nucl. Instr. and Meth. 
B204 (2003) 739. 
 [Hausmann 1999] M. Hausmann, Energieisochrone Massenmessungen am Experimentierspei-
cherring der GSI, PhD thesis, Univ. Giessen/Germany 1999. 
[Hausmann et al. 2000] M. Hausmann, F. Attallah, K. Beckert, F. Bosch, A. Dolinskiy, 
H. Eickhoff, M. Falch, B. Franczak, B. Franzke, H. Geissel, Th. Kerscher, O. Klepper, 
H.-J.  Kluge, C. Kozhuharov, K.E.G. Löbner, G. Münzenberg, F. Nolden, 
Yu.N. Novikov, T. Radon, H. Schatz, C. Scheidenberger, J. Stadlmann, M. Steck, 
T. Winkler, H. Wollnik, First Isochronous Mass Spectrometry at the Experimental Stora-
ge Ring ESR, Nucl. Instr. and Meth. A446 (2000) 569. 
[Haustein 1988] P.E. Haustein, An overview of the 1986-1987 Atomic Mass Predictions, Atomic 
Data and Nucl. Data Tables 39, (1988) 185. 
[Haxel et al. 1949] O. Haxel, J. H. D. Jensen, and H. E. Suess, On the "magic numbers" in nu-
clear structure, Phys. Rev. 75 (1949) 1766. 
 67
[HITRAP 2003] HITRAP Technical Design Report, Eds. Th. Beier, L. Dahl, H.-J. Kluge, 
C. Kozhuharov, W. Quint, GSI-Report 2003-69-2, 
http://www.gsi.de/documents/DOC-2003-Dec-69-2.pdf/. 
[F.Hofmann et al. 2001] F. Hofmann, C. M. Keil, and H. Lenske, Density dependent hadron 
field theory for asymmetric nuclear matter and exotic nuclei, Phys. Rev. C64 (2001) 
034314. 
[S.Hofmann et al. 2000] S. Hofmann and G. Münzenberg, The discovery of the heaviest ele-
ments, Rev. Mod. Phys, 72 (2000) 733. 
[S.Hofmann 1996] S. Hofmann in Nuclear Decay Modes (ed. D.N. Poenaru) Bristol UK Inst. 
Physics (1996) p. 143. 
[ISAC2 2005] R. E-Laxdal, W. Andersson, P. Bricault, K. Fong, M. Marchetto, A. K. Mitra, R. 
L. Poirier, W. R. Rawnsley, P.  Schmor, I.  Sekachev, G.  Stanford, G.  Stinson, and 
V. Zviagintsev, Status of the ISAC-II accelerator at TRIUMF, Proc. Part. Acc. Conf. 
PAC2005, ISBN0-7803-8859-3. 
[ISOLTRAP 1997] D. Beck, F. Ames, G. Audi, G. Bollen, H.-J. Kluge, A. Kohl, M. König, 
D. Lunney, I. Martel, R.B. Moore, H. Raimbault-Hartmann, E. Schark, S. Schwarz, 
M. de Saint Simon, J. Szerypo, and ISOLDE Collaboration, Direct mass measurements 
of unstable rare earth isotopes with the ISOLTRAP mass spectrometer, Nucl. Phys. A 626 
(1997) 343c 
[ISOLTRAP 2000] D. Beck, F. Ames, G. Audi, G. Bollen, F. Herfurth, H.-J. Kluge, A. Kohl, 
M. König, D. Lunney, I. Martel, R.B. Moore, H. Raimbault-Hartmann, E. Schark, S. 
Schwarz, M. de Saint Simon, J. Szerypo, and  ISOLDE Collaboration, Accurate masses 
of unstable rare-earth isotopes by ISOLTRAP, Eur. Phys. J. A8 (2000) 307. 
[ISOLTRAP 2001] S. Schwarz, F. Ames, G. Audi, D. Beck, G. Bollen, C. De Coster, J. Dilling, 
O. Engels, R. Fossion, J.-E. Garcia Ramos, S. Henry, F. Herfurth, K. Heyde, A. Kel-
lerbauer, H.-J. Kluge, A. Kohl, E. Lamour, D. Lunney, I. Martel, R.B. Moore, M. 
Oinonen, H. Raimbault-Hartmann, C. Scheidenberger, G. Sikler, J. Szerypo, C. We-
ber, and ISOLDE Collaboration, Accurate masses of neutron-deficient nuclides close to Z 
= 82, Nucl. Phys. A693 (2001) 533. 
[ISOLTRAP 2004]J. Dilling, F. Herfurth, A. Kellerbauer, G. Audi, D. Beck, G. Bollen, H.-J. 
Kluge, R.B. Moore, C. Scheidenberger, S. Schwarz, G. Sikler, and ISOLDE Collabo-
ration, Direct mass measurements of neutron-deficient xenon isotopes using the ISOL-
TRAP mass spectrometer, Eur. Phys. J. A22 (2004) 163. 
[ILIMA 2006] http://www.gsi.de/fair/experiments/NUSTAR/ilima.html . 
[Irnich et al. 1995] H. Irnich H. Geissel, F. Nolden, K. Beckert, F. Bosch, H. Eickhoff, B. 
Franzke, Y. Fujita, M. Hausmann, H. C. Jung, O. Klepper, C. Kozhuharov, G. Kraus, 
A. Magel, G. Münzenberg, F. Nickel, T. Radon, H. Reich, B. Schlitt, W. Schwab, M. 
Steck, K. Sümmerer, T. Suzuki, and H. Wollnik Half-Life Measurements of Bare, Mass-
Resolved Isomers in a Storage-Cooler Ring, Phys. Rev. Lett. 75 (1995) 4182  
[Issmer et al. 1998] S. Issmer, M. Fruneau, J.A. Pinston, M. Asghar, D. Barnéoud, Th. Ker-
scher, and K.E.G. Löbner, Direct Mass Measurements of A=80 Isobars, Europ. Phys. J. 
A2 (1998) 173. 
[Iwasa et al. 1997] N. Iwasa, H. Geissel, G. Münzenberg, C. Scheidenberger, Th. Schwab, 
and H. Wollnik, MOCADI, a Universal Monte Carlo Code for the Transport of Heavy 
Ions Through Matter Within Ion-Optical Systems, Nucl. Instr. and Meth. B 126 (1997) 
284. 
 68
[Kohl 1999] A. Kohl, Direkte Massenbestimmung in der Bleigegend und Untersuchung eines 
Starkeffekts in der Penningfalle, Doctoral Thesis, Universität Heidelberg, 1999, GSI 
Report Diss. 99-06 (1999). 
[Jung et al. 1992] M. Jung, F. Bosch, K. Beckert, H. Eickhoff, H. Folger, B. Franzke, A. Gru-
ber, P. Kienle, O. Klepper, W. Koenig, C. Kozhuharov, R. Mann, R. Moshammer, 
F. Nolden, U. Schaaf, G. Soff, P. Spädtke, M. Steck, Th. Stöhlker, and K. Sümmerer, 
First Observation of Bound-State β– Decay, Phys. Rev. Letters 69 (1992) 2164.  
[Katayama et al. 1997] T. Katayama, Y. Batygin, N. Inabe, K. Ohtomo, T. Ohkawa, M. Ta-
kanaka, M. Wakasugi, S. Watanabe, Y. Yano, K. Yoshida, J. Xia, Y. Rao and Y. Yuan, 
The MUSES Project at the RIKEN RI Beam Factory, Nucl. Phys. A626 (1997) 545c 
[Kelic et al. 2004] A. Kelic, K.-H. Schmidt, T. Enqvist, A. Boudard, P. Armbruster, 
J. Benlliure, M. Bernas, S. Czajkowski, R. Legrain, S. Leray, B. Mustapha, 
M. Pravikoff, C. Stéphan, J. Taïeb, L. Tassan-Got, C. Volant, and W. Wlazko, Isotopic 
and Velocity Distributions of Bi Produced in Charge-pickup Reactions of  208Pb at 1 AGeV,  
Phys. Rev. C 70 (2004) 064608-1.  
[Kester et al. 2003] O. Kester, T. Sieber, S. Emhofer, F. Ames, K. Reisinger, P. Reiter, P.G. 
Thirolf, R. Lutter, D. Habs, B.H. Wolf, G. Huber, P. Schmidt, A.N. Ostrowski, R. von 
Hahn, R. Repnow, J. Fitting, M. Lauer, H. Scheit, D. Schwalm, H. Podlech, A. 
Schempp, U. Ratzinger, O. Forstner, F. Wenander, J. Cederk, T. Nilsson, M. 
Lindroos, H. Fynbo, S. Franchoo, U. Bergmann, M. Oinonen, J. Äysto, P. Van Den 
Bergh, P. Van Duppen, M. Huyse, N. Warr, D. Weisshaar, J. Eberth, B. Jonson, G. 
Nyman, M. Pantea, H. Simon, G. Schrieder, A. Richter, O. Tengblad, T. Davinson, 
P.J. Woods, G. Bollen, L. Weissmann, L. Liljeby, K.G. Rensfelt, Accelerated radioactive 
beams from REX-ISOLDE, Nucl. Instr. and Meth. B204 (2004) 20 
[Kettner et al. 2006] K.U. Kettner, H.W. Becker, F. Strieder, and C. Rolfs, High-Z Electron 
Screening: The Cases 50V(p,n)50Cr and 176Lu(p,n)176Hf, , J. Phys. G32 (2006) 489. 
[Kubo 2003] T. Kubo, In-flight RI beam separator BigRIPS at RIKEN and elsewhere in Japan, 
Nucl. Instr. and Meth. B 204 (2003) 97. 
[Lalazissis et al. 1999] G. A. Lalazissis, S. Raman, and P. Ring, Ground state properties of 
even-even nuclei calculated in the Relativistic Mean Field theory, Atomic and Nucl. Data 
Tables 71 (1999) 1. 
[Lalazissis et al. 2005] G. A. Lalazissis, T. Niksic, D. Vretenar, and P. Ring, New relativistic 
mean-field interaction with density-dependent meson-nucleon couplings, Phys. Rev. C71 
(2005) 024312. 
[Lanzhou 2007] Webpage of the Institute of Modern Physics, IMP, Lanzhou/China: 
www.impcas.ac.cn/zhuye/en/htm/015.htm. 
[Litvinov 2003] Yuri A. Litvinov, Basic Nuclear Properties of Neutron-Deficient Nuclei Investi-
gated via High Precision Mass Measurements in the Element Range of 36<=Z<=92, PhD 
thesis, Justus-Liebig-Universität-Giessen, May 2003,  GSI-Report, Diss. 2004-05 
(2004). 
[Litvinov et al. 2005] Yu.A. Litvinov, H. Geissel, T. Radon, F. Attallah, G. Audi, K. Beckert, 
F. Bosch, M. Falch, B. Franzke, M. Hausmann, M. Hellström, Th. Kerscher, O. Klep-
per, H.-J. Kluge, C. Kozhuharov, K.E.G. Löbner, G. Münzenberg, F. Nolden, Yu.N. 
Novikov, W. Quint, Z. Patyk, H. Reich, C. Scheidenberger, B. Schlitt, M. Steck, K. 
Sümmerer, L. Vermeeren, M. Winkler, Th. Winkler and H. Wollnik, Mass measure-
 69
ment of cooled neutron-deficient bismuth projectile fragments with time-resolved Schottky 
mass spectrometry at the FRS-ESR facility, Nucl. Phys. A 756 (2005) 3. 
[Litvinov et al. 2005a] Yu.A.Litvinov, T.J.Bürvenich, H.Geissel, Yu.N.Novikov, Z.Patyk, 
C.Scheidenberger, F.Attallah, G.Audi, K.Beckert, F.Bosch, M.Falch, B.Franzke, 
M.Hausmann, Th.Kerscher, O.Klepper, H.-J.Kluge, C.Kozhuharov, K.E.G.Löbner, 
D.G.Madland, J.A.Maruhn, G.Münzenberg, F.Nolden, T.Radon, M.Steck, S.Typel, 
H.Wollnik, Isospin Dependence in the Odd-Even Staggering of Nuclear Binding Energies, 
Phys. Rev. Letters 95 (2005) 042501. 
[Litvinov et al. 2007] Yu.A. Litvinov, H. Geissel, K. Beckert, P. Beller, F. Bosch, D. Boutin, C. 
Brandau, L. Chen, I. Cullen, C. Dimopoulou, B. Fabian, M. Hausmann, O. Klepper, 
R. Knöbel, C. Kozhuharov, J. Kurcewicz, S.A. Litvinov, Z. Liu, M. Mazzocco, F. 
Montes, G. Münzenberg, A. Musumarra, S. Nakajima, C. Nociforo, F. Nolden, T. 
Ohtsubo, A. Ozawa, Z. Patyk, W. Plass, C. Scheidenberger, M. Steck, B. Sun, T. Su-
zuki, P.M. Walker, H. Weick, N. Winckler, M. Winkler, T. Yamaguchi, Status of the 
Experimental Program on Mass  Measurements of Stored Exotic Nuclei at the FRS-ESR 
Facility, Nucl. Phys. A 787 (2007) 315c. 
[Litvinov 2007a] Yu.A. Litvinov, F. Bosch, H. Geissel, J. Kurcewicz, Z. Patyk, N. Winckler, 
L. Batist, K. Beckert, D. Boutin, C. Brandau, L. Chen, C. Dimopoulou, B. Fabian, T. 
Faestermann, A. Fragner, L. Grigorenko, E. Haettner, S. Hess, P. Kienle, R. Knöbel, 
C. Kozhuharov, S.A. Litvinov, L. Maier, M. Mazzocco, F. Montes, G. M¨unzenberg, 
A. Musumarra, C. Nociforo, F. Nolden, M. Pfützner, W.R. Plass, A. Prochazka, R. 
Reda, R. Reuschl, C. Scheidenberger, M. Steck, T. Stöhlker, S. Torilov, M. Trassinelli, 
B. Sun,  H. Weick, and M. Winkler, Measurement of the ß+ and orbital electron-capture 
decay rates in fully-ionized, hydrogen-like, and helium-like 140Pr ions, Phys. Rev. Lett. in 
print. 
[Lunney et al. 2001] D. Lunney C. Monsanglant, G. Audi, G. Bollen, C. Borcea, H. Doubre, 
C. Gaulard, S. Henry, M. deSaintSimon, C. Thibault, C. Toader and N. Vieira, Recent 
Results on Ne and Mg from the MISTRAL Mass Measurement Program at ISOLDE, Hy-
perfine Interact. 132 (2001) 299.  
[Lunney et al. 2003] D. Lunney, J. M. Pearson, C. Thibault, Recent trends in the determination 
of nuclear masses, Rev. Mod. Phys. 75 (2003) 1021. 
[Mattauch et al. 1965] J.H.E. Mattauch, W. Thiele, A.H. Wapstra, 1964 Atomic mass table, 
Nucl. Phys. 67 (1965) 1. 
[Matos 2004] M. Matos, Isochronous mass measurements of short-lived neutron-rich nuclides at 
the FRS-ESR facilities, PhD thesis, Justus-Liebig-Universität Giessen, 2004. 
[MATS 2006] http://www.gsi.de/fair/experiments/NUSTAR/MATS.html. [Mittig et al. 
1997] W. Mittig, A. Lepine-Szily, and N. A. Orr, Mass measurement far from stability, 
Ann. Rev. Nucl. Sci. 47 (1997) 27. 
[MISTRAL 1999] G. Audi, G. Bollen, C. Borcea, H. Doubre, S. Henry, H.-J. Kluge, G. Lebée, 
D. Lunney, C. Monsanglant, M. de Saint Simon, C. Scheidenberger, C. Thibault, C. 
Toader and the ISOLDE Collaboration, MISTRAL: Mass Measurements at ISOLDE 
with a Transmission Radiofrequency Spectrometer on-line, Status report and proposal to 
the ISOLDE experiments committee (ISC/P107), CERN ISC/ 99-3 (1999). 
[Möller et al. 1988] P. Möller and J. R. Nix, Nuclear masses from unified macroscopic-
microscopic model, Atomic data and nuclear data tables, 39 (1988) 213 
[Möller et al.1995] P. Möller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, Nuclear ground-
state masses and deformations, Atomic Data and Nucl. Data Tables 59 (1995) 185.  
 70
[Möller et al. 2007] P. Möller, R. Bengtsson, K. L. Kratz, and H. Sagawa. Large-scale calcula-
tions of nuclear-structure data for simulation of data bases, Proc. International Confer-
ence on Nuclear Data for Science and Technology, April 22 - 27, 2007, Nice, France, 
to be published.  
[Möller et al. 2007a] P. Möller and R. Bengtsson, Atomic Data and Nucl. Data Tables (2007) 
to be published.  
[Morrissey 1989] D. J. Morrissey, Systematics of Momentum Distributions from Reactions with 
Relativistic Ions, Phys. Rev. C 39 (1989) 460.  
[Morrissey et al. 2004] D. J. Morrissey, and B.M. Sherrill,  Springer Lecture Notes Phys. 651 
(2004) 113. 
[Münzenberg 1988] G. Münzenberg, Rep. Prog. Phys. 51 (1988) 57. 
[Münzenberg 1994] G. Münzenberg, in: Handbook of Nuclear Decay Modes  Eds. W. Greiner, 
D.N. Poenaru) de Gruyter 1994.  
 [Myers et al. 1996] W. D. Myers and W. J. Swiatecki, Nuclear properties according to the Tho-
mas Fermi model, Nucl. Phys. A601 (1995) 141. 
[Nica 2007] N. Nica, Nuclear Data Sheets for A = 140, Nucl. Data Sheets 108 (2007) 1287 
[Nolden et al. 2000] F. Nolden, K. Beckert K.;F. Caspers, B. Franczak, B. Franzke, 
R. Menges, A. Schwinn, M. Steck, Stochastic cooling at the ESR, Nucl. Instr. and Meth. 
A 441 (2000) 219. 
[Nolden et al. 2007]F. Nolden, C. Dimopoulou, A. Dolinski, M. Steck, Storage Rings for Ra-
dioactive Ion Beams, Proc. of EMIS07, Deauville, 2007, to be published. 
[Novikov et al. 2002] Yu.N. Novikov, F. Attallah, F. Bosch, M. Falch, H. Geissel, M. Haus-
mann, Th. Kerscher, O. Klepper, H.-J. Kluge, C. Kozhuharov, Yu.A. Litvinov, K.E.G. 
Löbner, G. Münzenberg, Z. Patyk, T. Radon, C. Scheidenberger, A.H. Wapstra, 
H. Wollnik, Mass mapping of a new area of neutron-deficient sub-uranium nuclides, Nucl. 
Phys. A697 (2002) 92. 
[NUSTAR 2007] NUSTAR website: 
http://www.gsi.de/fair/experiments/NUSTAR/index.html. 
[NuPECC 2000] R. Bennet Ed., The NuPECC Working Group on Radioactive Beam Facilities, 
NuPECC Report, April 2000, see http://www.nupecc.org/pub/. 
[Oganessian 2007] Yu. Oganessian, Heaviest nuclei from 48Ca induced reactions, J. Phys. G: 
Nucl. Part. Phys. 34 (2007) R165. 
[Ohtsubo et al. 2005] T. Ohtsubo, F. Bosch, H. Geissel, L. Maier, C. Scheidenberger, F. At-
tallah, K. Beckert, P. Beller, D. Boutin, T. Faestermann, B. Franczak, B. Franzke, M. 
Hausmann, M. Hellström, E. Kaza, P. Kienle, O. Klepper, H.-J. Kluge, C. Kozhu-
harov, Yu. A. Litvinov, M. Matos, G. Münzenberg, F. Nolden, Yu.N. Novikov, M. 
Portillo, T. Radon, J. Stadlmann, M. Steck, T. Stöhlker, K. Sümmerer, K. Takahashi, 
H. Weick, M. Winkler, and T. Yamaguchi, Simultaneous Measurement of Beta-Decay to 
Bound and Continuum Electron States, Phys. Rev. Letters 95, (2005) 052501. 
[Otsuka et al. 2001] T. Otsuka, Y. Utsuno, T. Mizusaki, and M. Honma, Exotic nuclei in the 
Monte Carlo Shell Model calculations, Nucl. Phys. A685 (2001) 100c and Otsuka et al., 
Phys. Rev. Letters 87 (2001) 082502. 
[Ozawa et al. 2000] A. Ozawa, T. Kobayashi, T. Suzuki, K. Yoshida, and I. Tanihata, New 
magic number, N = 16, near the neutron drip line, Phys. Rev. Letters 84 (2000) 5493 
[Patyk et al. 2007 ] Z. Patyk et al., to be published 
 71
[Paul et al 1955] W. Paul und M. Raether, Das elektrische Massenfilter, Z. Physik 140, (1955), 
262. 
[Pearson et al. 1991] J. M.  Pearson, Y. Aboussir, A. K. Dutta, R. C. Nayak, M. Farine, and F. 
Tondeur, 1991, Thomas-Fermi approach to nuclear mass formula: (III) Force fitting and con-
struction of mass table, Nucl. Phys. A528 (1991) 1. 
[Pfützner et al. 2002] M. Pfützner, E. Badura, C. Bingham, B. Blank, M. Chartier, H. Geissel, 
J. Giovinazzo, L.V. Grigorenko, R. Grzywacz, M. Hellström, Z. Janas, J. Kurcewicz, 
A.S. Lalleman, C. Mazzocchi, I. Mukha, G. Münzenberg, C. Plettnar, E. Roeckl, 
K.P.Rykaczewski, K. Schmidt, R.S. Simon, M. Staoiu, J.-C- Thomas, First evidence for 
the two-proton decay of 45Fe, Eur. Phys. J. A14  (2002) 279 
[Phillips et al. 1989] W. R. Phillips, I. Ahmad, B. G. Glagola, W. Henning, W. Kutschera, K. 
E. Rehm, J. P. Schiffer, and T. F. Wang, Charge-state dependence of nuclear lifetimes, 
Phys.Rev. Letters 62 (1989) 1025  
[Plass 2007] W.R. Plass, Direct Mass Measurements of Exotic Nuclei at the FRS-ESR Facility at 
GSI, Hyperfine Interactions 173 (2006) 19. 
[Plass et al. 2006] W.R. Plass, C. Scheidenberger, Experiments with Stored Relativistic Exotic 
Nuclei at the FRS-ESR Complex, Nucl. Phys. News 16 (2006) 27. 
[Pomorski et al. 1997]  K. Pomorski, P. Ring, G. A. Lalazissis, A. Baran,  Z. Lojewski, B. 
Nerlo-Pomorska, and M. Warda , Ground state properties of the ß-stable nuclei in vari-
ous mean field theories, Nucl. Phys. A624 (1997) 349 
[Quentin et al. 1978] P. Quentin and H. Flocard, Self-consistent calculations of nuclear proper-
ties with phenomenological effective forces, Ann. Rev. Nucl. Part. Sci. 28 (1978) 23 
[Radon et al 1997] T. Radon, Th. Kerscher, B. Schlitt, K. Beckert, T. Beha, F. Bosch, H. Eick-
hoff, B. Franzke, Y. Fujita, H. Geissel, M. Hausmann, H. Irnich, H.C. Jung, O. Klep-
per, H.-J. Kluge, C. Kozhuharov, G. Kraus, G. M¨unzenberg, F. Nickel, F. Nolden, Yu. 
Novikov, Z. Patyk, H. Reich, C. Scheidenberger, W. Schwab, M. Steck, K. S¨ummerer, K. 
Suzuki, H. Wollnik, Schottky Mass Measurements of Cooled Proton-Rich Nuclei in the Storage 
Ring ESR, Phys. Rev. Lett. 78 (1997) 4701. 
[Radon et al. 2000] T. Radon, H. Geissel, G. Münzenberg, B. Franzke, Th. Kerscher, 
F. Nolden, Yu.N. Novikov, Z. Patyk, C. Scheidenberger, F. Attallah, K. Beckert, 
T. Beha,  F. Bosch, H. Eickhoff, M. Falch, Y. Fujita, M. Hausmann, F. Herfurth, 
H. Irnich, H. C. Jung, O. Klepper, C. Kozhuharov, Yu. A. Litvinov, K.E.G. Löbner, 
F. Nickel, H. Reich, W. Schwab, B. Schlitt, M. Steck, K. Sümmerer, T. Winkler, and 
H. Wollnik, Schottky Mass Measurements of Stored and Cooled Neutron-Deficient Projec-
tile Fragments in the Element Range of 57≤ Z ≤  84, Nucl. Phys. A 677 (2000) 75. 
[Ravn et al. 1994] H. L. Ravn, P. Bricault, G. Ciavola, P. Drumm, B. Fogelberg, E. Hagebø, 
M. Huyse, R. Kirchner, W. Mittig, A. Mueller, H. Nifenecker and E. Roeckl, Com-
parison of radioactive ion-beam intensities produced by means of thick targets bombarded 
with neutrons, protons and heavy ions, Nucl. Instr. and Meth. B88 (1994) 441. 
[Reisdorf 1994] W. Reisdorf, Heavy-ion reaction close to the Coulomb barrier, J. Phys. G20 
(1994) 1297] 
[Reistad et al. 1993] D. Reistad, T. Bergmark, C. Ekstrom, C.J. Friden, K. Gajewski, 
L. Hermansson, P. Jahnke, A. Johansson, O. Johansson, T. Lofnes, G. Norman, 
R. Wedberg, L. Westerberg, J. Zlomanczuk, M.A. Raadu, M. Sedlacek, Recent Com-
missioning Results at CELSIUS, Proc. 13th Int. Conf. on Cyclotrons and Appl., Van-
couver, 1992. Proceedings: ed. G. Dutto, M.K. Craddock, World Scientific Publish-
ing Co., Singapore (1993), 266 
 72
[RIA] RIA website: http://www.phy.anl.gov/ria/. 
[Ricciardi et al. 2006] M. V. Ricciardi, P. Armbruster, J. Benlliure, M. Bernas, A. Boudard, S. 
Czajkowski, T. Enqvist, A. Kelic, S. Leray, R. Legrain, B. Mustapha, J. Pereira, F. 
Rejmund, K.-H. Schmidt, C. Stéphan, L. Tassan-Got, C. Volant, and O. Yordanov, 
Light nuclides produced in the proton-induced spallation of 238U at 1 GeV, Phys. Rev. C 73 
(2006) 014607. 
[RIKEN 2003] T. Motobayashi, RI beam project at RIKEN, Nucl. Instr. and Meth. B204 (2003) 
736, see also http://www.rarf.riken.go.jp/rarf/rarf.html 
[Rohlfs 2006] C. Rolfs, as quoted in Frankfurter Allgemeine Zeitung, 13.8.2006, p. 56. 
[Samyn et al. 2002] M. Samyn,  S. Goriely, P.-H. Heenen, J.M. Pearsson, and F. Tondeur, 
A Hartree-Fock-Bogoliubov mass formula, Nucl. Phys. A700 (2002) 142. 
[Samyn et al. 2003] M. Samyn, S. Goriely, and J.M. Pearsson, Further explorations of Skyrme–
Hartree–Fock–Bogoliubov mass formulas, Nucl. Phys. A725 (2002) 69. 
[Schaaf 1991] U. Schaaf, Schottky-Diagnose und BTF-Messungen an gekühlten Strahlen im 
Schwerionen-Speicherring ESR, PhD thesis, Universität Frankfurt, 1991, and GSI Re-
port GSI-91-22, ISSN 0171-4546 (July 1991). 
[Schädel 1995] M. Schädel, Chemistry of the transactionde elements, Radiochimica Acta 70/71 
(1995) 207 
[C. Scheidenberger et al. 1998] C. Scheidenberger, Th. Stöhlker, W.E. Meyerhof, H. Geissel, 
P.H. Mokler, and B. Blank, Charge states of relativistic heavy ions in matter, Nucl. Instr. 
and Meth. B142 (1998) 441. 
[Scheidenberger et al. 1999] C. Scheidenberger, G. Bollen, F. Bosch, A. Casares, H. Geissel, 
A. Kholomeev, G. Münzenberg, H. Weick, H. Wollnik, Gross Properties of Exotic Nu-
clei Investigated at Storage Rings and Ion Traps, Proc. of 4th Int. Conf. on Nucl. Phys. 
at Storage Rings STORI-99, Bloomington, Ed.  H.-O. Meyer, P.Schwandt,  AIP Con-
ference Proceedings 512 (2000) 275. 
[Schlitt et al. 1997] B. Schlitt, K. Beckert, F. Bosch, H. Eickhoff, B. Franzke, Y. Fujita, 
H. Geissel, M. Hausmann, H. Irnich, O. Klepper, H.-J. Kluge, C. Kozhuharov, 
G. Kraus, G. Münzenberg, F. Nickel, F. Nolden, Z. Patyk, T. Radon, H. Reich, 
C. Scheidenberger, W. Schwab, M. Steck, K. Sümmerer, Th. Winkler, T. Beha, 
M. Ferch, Th. Kerscher, K. E. G. Löbner, H. C. Jung, H. Wollnik, and Y. Novikov,  
Schottky Mass Spectrometry at the ESR: A Novel Tool for Precise Direct Mass Measure-
ments of Exotic Nuclei, Nucl. Phys. A626 (1997) 315c. 
[Schneider et al. 1994] R. Schneider, J. Friese, J. Reinhold, K. Zeitelhack, T. Faestermann, R. 
Gernhäuser, H. Gilg, F. Heine, J. Homolka, P. Kienle, H. J. Körner, H. Geissel, G. 
Münzenberg, K. Sümmerer, Production and Identification of 100Sn, Z. Phys. A348 
(1994) 241. 
[Schwab et al. 1995] W. Schwab, H. Geissel, H. Lenske, K. H. Behr, A. Brünle, K. Burkhard, 
H. Irnich, T. Kobayashi, G, Kraus, A. Magel, G.  Münzenberg, F. Nickel, K. Riisager, 
C. Scheidenberger, B. M. Sherrill, T. Suzuki, B. Voss, Observation of a Proton 
Halo in 8B, Z. Phys. A350 (1995) 283. 
[Smith 1960] L.G. Smith, in: H.E. Duckworth (ed.), Proceedings of the International Con-
ference on Nuclidic Masses, University of Toronto Press, Canada, 1960, p. 418. 
[Segrè 1947] E. Segrè, Possibility of Alterating the Decay Rate of a Radioactive Substance, Phys. 
Rev. 71 (1947) 274 
 73
[Siegert et al. 1974] G. Siegert, H. Wollnik, J. Greif, G. Fiedler, M. Asghar, G. Bailleul, J. P. 
Bocquet, J. P. Gautheron, H. Schrader, H. Ewald, P. Armbruster, Direct Determina-
tion of the Nuclear Charge Distribution of Mass Separated Fission Products from 235U(nth,f), 
Phys. Letters  53B (1974) 45. 
[Sherrill  2002] B.M. Sherrill, Scientific opportunities with in-flight separated beams, Nucl. 
Phys.A701 (2002) 422. 
[Spiral2 2007] see http://www.ganil.fr/research/developments/spiral2/origin.html 
[Stadlmann et al. 2004] J. Stadlmann, M. Hausmann, F. Attallah, K. Beckert, P. Beller, 
F. Bosch, H. Eickhoff, M. Falch, B. Franczak, B. Franzke, H. Geissel, Th. Kerscher, 
O. Klepper, H.-J. Kluge, C. Kozhuharov, Yu.A. Litvinov, K.E.G. Löbner, M. Matoš, 
G. Münzenberg, N. Nankov, F. Nolden, Yu.N. Novikov, T. Ohtsubo, T. Radon, 
H. Schatz, C. Scheidenberger, M. Steck, H. Weick, H. Wollnik, Direct Mass Measure-
ment of Bare Short-Lived 44V, 48Mn, 41Ti and 45Cr Ions with Isochronous Mass Spectrome-
try, Phys. Letters B586 (2004) 27.  
[Steck et al. 1996] M. Steck, K. Beckert, H. Eickhoff, B. Franzke, F. Nolden, H. Reich, 
B. Schlitt, and T. Winkler, Anomalous Temperature Reduction of Electron-Cooled Heavy 
Ion Beams in the Storage Ring ESR, Phys. Rev. Letters 77 (1996) 3803. 
[Steck et al. 2003] M Steck, K Beckert, P Beller, B Franzke and F Nolden. New evidence for 
one-dimensional ordering in fast heavy ion beams, J. Phys. B: At. Mol. Opt. Phys. 36 
(2003) 991 
[Stracener 2003] D.W. Stracener, Status of radioactive ion beams at the HRIBF, Nucl. Instr. 
Meth. B204 (2003) 42. 
[Strutinsky1967] V. M. Strutinsky, Shell effects in nuclear masses and deformation energies, 
Nucl. Phys. A95 (1967) 420. 
[Sümmerer et al. 2000] K. Sümmerer and B. Blank, Modified Empirical Parameterization of 
Fragmentation Cross Sections, Phys. Rev. C 61 (2000) 034605.  
[Takahashi et al. 1983] K. Takahashi and K. Yokoi, Nuclear β-decays of highly ionized heavy 
atoms in stellar interiors, Nucl. Phys. A404 (1983) 578. 
[Takahashi et al. 1987] K. Takahashi, R. N. Boyd, G. J. Mathews, and K. Yokoi, Bound-state 
Beta Decay of Highly Ionized Atoms, Phys. Rev. C 36, (1987) 1522.  
[Tanihata et al. 1985] I. Tanihata, H. Hamagaki, O. Hashimoto, Y. Shida, N. Yoshikawa, 
K.  Sugimoto, O. Yamakawa, and T. Kobayashi, and N. Takahashi, Measurements of 
Interaction Cross Sections and Nuclear Radii in the Light p-Shell Region, Phys. Rev. Let-
ters 55, (1985) 2676. 
[Thomson 1913] J. J. Thomson, The Structure of the Atom, Proc. Royal Society A 89, (1913) 1. 
[Trötscher 1993] J. Trötscher, Der Experimentierspeicherring der GSI als Flugzeitmassenspek-
trometer für exotische Nuklide, PhD thesis, Justus-Liebig-Universität Gies-
sen/Germany 1993. 
[van der Meer 1972] S. van dcr Meer, Stochastic damping of betatron oscillations in the ISR, 
CERN Report CERN/ISR-PO/ 72-31 (1972). 
[Van Dyck et al. 2004]  R. S. Van Dyck, Jr., S. L. Zafonte, S. Van Liew, D. B. Pinegar, and P. 
B. Schwinberg, Ultraprecise Atomic Mass Measurement of the α−Particle and 4He, Phys. 
Rev. Lett. 92 (2004) 220802. 
[Vretenar et al. 2005] D. Vretenar, A. V. Afanasjev, G. A. Lalazissis, and P. Ring, Relativistic 
Hartree-Bogliubov theory: static and dynamic aspects of exotic nuclear structure, Phys. 
Rep. 409 (2005) 101. 
 74
[Wapstra 2005] A.H. Wapstra, Atomic mass evaluation 2003, Eur. Phys. J. A25 (2005) 9. 
[Wei et al. 1997]  B.W. Wei, Y.X. Luo, G.M. Jin, W.L. Zhan and J. Xia, Proposal of a Cooler 
Storage Ring — an Upgrading Plan of HIRFL, Nucl. Phys. A626 (1997) 561.  
[Weizsäcker 1935] C. F. von Weizsäcker, Zur Theorie der Kernmassen, Z. Phys. 96 (1935) 431. 
[Wineland et al. 1979] D.J. Wineland and W.M. Itano, Laser cooling of atoms, Phys. Rev. A20 
(1979) 1521. 
[Wollnik et al. 1981a] H. Wollnik and H. Matsuda, First Order Transfer Matrices for Relativis-
tic Fast Particles in Magnetic and Electric Sector Fields and Quadrupoles, Nucl. Instr. and 
Meth. 189 (1981) 361. 
[Wollnik et al. 1981b] H. Wollnik and H. Matsuda, A Q-Value for Energy-Focused, Time-of-
Flight Spectrometers, Int. J. on Mass Spectr. and Ion Phys. 37 (1981) 209. 
[Wollnik et al. 1987] H. Wollnik et al., approved experiment proposal 
[Wollnik et al. 2003] H. Wollnik, and A. Casares, An energy-isichronous multi-pass time-of-
flight mass spectrometer consisting of two coaxial electrostatic mirrors, Int. J. Mass Spectr. 
227 (2003) 217. 
[Woods et al. 1997] P.J. Woods and C. N. Davids, Nuclei beyond the proton-dripline Ann. Rev. 
Nucl. Part. Sci. 47 (1997) 541. 
[Wouters et al. 1985] J. M. Wouters, D. J. Vieira, H. Wollnik, H. A. Enge, S. Kowalski and 
K. L. Brown, Optical design of the tofi (time-of-flight isochronous) spectrometer for mass 
measurements of exotic nuclei, Nucl. Instr. and Meth. A240 (1985) 77. 
[Zinner 2007] N.T Zinner, Alpha decay rate enhancement in metals: An unlikely scenario, Nu-
clear Physics A781 (2007) 81. 
  
